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Abstract	  Artificial	  selection	  during	  crop	  domestication	  has	  dramatically	  shaped	  many	  wild	  plant	  species	  into	  high	  yielding	  food,	  fiber,	  medicinal,	  and	  biofuel	  crops.	  The	  trajectory	  from	  wild	  to	  domesticated	  is	  a	  long	  and	  complex	  process	  that	  leaves	  strong	  signatures	  of	  selection	  on	  the	  genome.	  Here	  we	  use	  a	  population	  genetics	  approach	  and	  transcriptome	  survey	  to	  scan	  for	  signatures	  of	  selection	  and	  domestication	  in	  sugarcane	  (Saccharum),	  the	  leading	  source	  of	  global	  sugar	  production.	  The	  sugarcane	  genome	  is	  highly	  complex,	  with	  ploidy	  levels	  ranging	  from	  8n-­‐14n.	  This	  complexity	  has	  hindered	  advances	  in	  marker	  assisted	  breeding	  and	  subjects	  sugarcane	  to	  a	  unique	  set	  of	  evolutionary	  forces	  not	  experienced	  during	  the	  domestication	  of	  most	  diploid	  crop	  species.	  Modern	  sugarcane	  is	  an	  interspecific	  hybrid	  mainly	  between	  the	  cultivated	  S.	  officinarum	  (2n=80)	  and	  the	  wild	  species	  S.	  spontaneum	  (2n=40-­‐128),	  with	  some	  marginal	  contribution	  from	  S.	  
robustum	  (2n=60-­‐200)	  in	  a	  few	  breeding	  stations.	  We	  screened	  48	  representative	  accessions	  of	  the	  domesticated	  S.	  officinarum	  and	  the	  wild	  species	  S.	  spontaneum	  and	  S.	  robustum	  to	  identify	  genes	  selected	  during	  domestication.	  2.8	  million	  single	  nucleotide	  polymorphisms	  (SNPs)	  were	  found	  from	  2.2	  billion	  RNA-­‐seq	  reads	  generated	  from	  leaf	  and	  stalk	  tissue.	  S.	  officinarum	  has	  twice	  as	  much	  inter-­‐population	  allelic	  diversity	  compared	  to	  S.	  spontaneum	  and	  to	  S.	  robustum.	  The	  stalk	  transcriptome	  has	  more	  allele	  diversity	  than	  the	  leaf,	  reflective	  of	  gene	  expression	  changes	  during	  domestication.	  The	  allele	  diversity	  in	  Saccharum	  is	  characterized	  by	  the	  prevalence	  of	  intermediate-­‐allele	  frequency	  typical	  of	  a	  balancing	  selection	  and	  reflective	  of	  the	  high	  degree	  of	  heterozygosity	  in	  this	  species.	  The	  population	  structure	  of	  sugarcane	  does	  not	  render	  to	  conventional	  population	  genetics	  tests	  for	  signals	  of	  selection	  due	  to	  the	  dynamics	  imposed	  by	  fixed	  heterozygosity.	  Site	  frequency	  spectrum	  (SFS)	  pattern	  describes	  higher	  per-­‐site	  heterozygosity	  in	  genes	  that	  might	  be	  targets	  of	  domestication.	  Around	  200	  candidate	  domestication	  genes	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were	  detected	  in	  S.	  officinarum	  based	  on	  the	  prevalence	  of	  balancing	  selection	  among	  ~3000	  SNPs.	  To	  gain	  insight	  into	  the	  nature	  of	  gene	  expression	  divergence	  in	  Saccharum,	  we	  conducted	  a	  comparative	  transcriptome	  profiling	  of	  leaf	  and	  stalk	  developmental	  stages	  in	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  robustum.	  A	  summary	  of	  all	  the	  pairwise	  differential	  expression	  tests	  shows	  3,346	  genes	  were	  differentially	  expressed	  between	  the	  cultivated	  and	  the	  wild	  species,	  most	  of	  which	  were	  observed	  in	  immature	  stalk	  and	  mature	  leaf	  tissues.	  Maturation	  of	  stalks	  and	  leaves	  seems	  to	  be	  associated	  with	  significant	  transcript	  abundance	  in	  gene	  networks	  related	  to	  post-­‐embryonic	  morphogenesis,	  lipid	  localization	  and	  perturbation	  of	  the	  phenylpropanoid	  pathway.	  This	  suggests	  that	  expression	  between	  the	  cultivated	  and	  wild	  Saccharum	  are	  related	  to	  differences	  related	  to	  maturation	  and	  response	  to	  external	  stimuli,	  in	  general,	  and	  the	  biomass	  accumulation,	  in	  particular.	  	  In	  addition,	  genes	  associated	  with	  sugar	  metabolism	  and	  transport	  have	  dynamic	  expression	  in	  the	  surveyed	  tissues,	  reflective	  of	  the	  known	  source-­‐sink	  feedback	  signaling	  for	  sucrose	  accumulation	  in	  the	  sugar-­‐bearing	  Saccharum	  species.	  While	  these	  studies	  might	  highlight	  the	  unique	  challenges	  imposed	  by	  a	  complicated	  genome	  of	  Saccharum,	  the	  results	  presented	  also	  elucidate	  the	  population	  genetics	  and	  expression	  pattern	  dynamics	  of	  this	  highly	  complex,	  heterozygous,	  autopolyploid	  crop.
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1. Literature	  Review	  
1.1 Taxonomy	  and	  Domestication	  and	  Improvement	  of	  Saccharum	  Sugarcane	  is	  a	  leading	  source	  of	  sugar,	  accounting	  for	  75%	  of	  the	  world’s	  need	  -­‐	  three	  times	  over	  the	  next	  plant	  source,	  sugarbeet	  (http://www.fas.usda.gov/).	  It	  also	  has	  one	  of	  the	  highest	  biomass	  potential	  among	  crop	  plants	  due	  to	  its	  perennial	  growth	  habit	  coupled	  with	  an	  efficient	  C4	  photosynthesis	  system	  (D’Hont	  et	  al.,	  2008).	  At	  an	  average	  raw	  biomass	  yield	  of	  1,000M	  tons	  per	  year,	  it	  exceeds	  by	  almost	  twice	  the	  combined	  production	  yield	  of	  the	  staple	  food	  crops	  wheat,	  rice	  and	  maize	  at	  600M	  tons	  per	  year	  (Henry,	  2010).	  The	  realization	  of	  such	  promising	  potential	  is	  exemplified	  by	  Brazil’s	  rewarding	  experience	  in	  using	  sugarcane	  as	  the	  major	  feedstock	  for	  a	  clean,	  renewable	  energy	  source	  for	  ethanol,	  co-­‐generation	  of	  electricity,	  and	  bioplastics	  (Matsuoka	  et	  al.,	  2009;	  Arruda,	  2011).	  Sugarcane	  cultivars	  have	  a	  large	  genome	  sizes	  (~1Gb	  for	  a	  1x	  [monoploid]	  set)	  characterized	  by	  polyploidy	  (8-­‐14x)	  and	  a	  variable	  chromosome	  number	  (100-­‐130	  chromosomes).	  Sugarcane	  cultivars	  are	  interspecific	  hybrids	  whose	  complex	  genome	  is	  composed	  of	  about	  80%	  from	  S.	  officinarum,	  about	  10%-­‐15%	  from	  S.	  
spontaneum	  and,	  contrary	  to	  the	  prevailing	  thought	  then	  (Price	  1963;	  Berding	  and	  Roach,	  1987),	  about	  5-­‐10%	  recombinant	  chromosomes	  between	  S.	  officinarum	  and	  
S.	  spontaneum	  (D’Hont	  et	  al.,	  1996;	  Piperidis	  et	  al.,	  2010).	  The	  complex	  genome	  of	  sugarcane	  cultivars	  greatly	  compounds	  the	  difficulty	  of	  conducting	  and	  interpreting	  classical	  and	  molecular	  genetic	  studies	  for	  improving	  yield	  and	  related	  traits.	  Being	  interspecific	  hybrids,	  sugarcane	  cultivars	  are	  characterized	  by	  high	  heterozygosity,	  variable	  degrees	  of	  polyploidy	  and	  aneuploidy.	  These	  features	  introduce	  challenges	  and	  complications	  such	  as	  allele	  dosage	  determination,	  null	  alleles,	  copy	  number	  variation	  and	  difficulty	  in	  distinguishing	  orthologous	  versus	  paralogous	  (Dufresne	  et	  al.,	  2014).	  High	  autopolyploidy	  and	  chromosome	  number	  curtail	  the	  feasibility	  of	  constructing	  a	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complete	  genetic	  linkage	  map	  since	  only	  single	  dose	  markers	  proved	  useful	  (Wu	  et	  al.,	  1992).	  It	  also	  makes	  whole	  genome	  sequencing	  (WGS)	  a	  rather	  formidable	  challenge	  since	  one	  has	  to	  have	  a	  higher	  sequence	  coverage	  (as	  much	  as	  10	  times	  more	  than	  what	  is	  sufficient	  for	  other	  crops	  like	  rice)	  to	  resolve	  allelic	  variation	  in	  a	  highly	  heterozygous	  genome	  (Paterson	  et	  al.,	  2010).	  The	  promise	  of	  association	  mapping	  is	  hampered	  by	  a	  largely	  undefined	  linkage	  disequilibrium	  brought	  about	  undefined	  population	  structure	  of	  a	  taxa	  characterized	  by	  an	  unresolved	  and	  confusing	  evolutionary	  history,	  phylogeny	  and	  taxonomy	  (Huang	  et	  al.,	  2010).	  Implied	  as	  the	  overarching	  aim	  in	  the	  majority	  of	  studies	  of	  sugarcane,	  especially	  in	  the	  more	  recent	  fields	  of	  molecular	  genetics,	  cytogenetics	  and	  genomics,	  is	  the	  incremental	  elucidation	  of	  sugarcane’s	  complex	  genome	  in	  order	  to	  make	  a	  more	  informed	  decision	  in	  breeding,	  germplasm	  introgression	  and	  biotechnology	  (Butterfield	  et	  al.,	  2001).	  Understanding	  of	  the	  mechanism	  that	  transformed	  a	  wild	  grass	  to	  a	  sugar-­‐bearing	  domesticated	  form	  will	  be	  a	  significant	  milestone	  in	  plant	  biology.	  As	  with	  most	  crops,	  the	  domestication	  genes	  of	  sugarcane	  are	  of	  immediate	  importance	  to	  plant	  breeders	  because	  it	  can	  provide	  invaluable	  insights	  in	  tapping	  the	  genetic	  variation	  in	  related	  and	  wild	  relative	  species	  and	  related	  genera.	  For	  molecular	  geneticists,	  identification	  of	  candidate	  domestication	  genes	  either	  through	  the	  conventional	  QTL	  mapping,	  association	  mapping	  or	  whole	  genome	  scans	  can	  identify	  key	  genes,	  their	  genetic	  architecture	  and	  the	  functional	  variation	  associated	  with	  the	  desired	  commercial	  traits	  such	  as	  sugar-­‐production	  and	  fiber	  content	  (Doebley	  et	  al.,	  2006;	  Tang	  et	  al.,	  2010).	  For	  evolutionary	  biologists,	  it	  provides	  a	  Darwinian	  framework	  in	  evaluating	  the	  effects	  of	  artificial	  selection	  in	  the	  emergence	  of	  the	  different	  Saccharum	  species,	  especially	  when	  comparative	  genomics	  is	  seen	  as	  a	  very	  promising	  approach	  in	  understanding	  the	  evolutionary	  relationships	  among	  the	  world’s	  most	  important	  grasses:	  rice,	  sorghum,	  sugarcane	  and	  Miscanthus	  (Feullet	  and	  Keller	  2002;	  Paterson	  et	  al.,	  2013).	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Thus,	  to	  a	  large	  degree,	  a	  study	  in	  the	  domestication	  of	  sugarcane	  also	  resolves	  the	  evolutionary	  relationships	  among	  Saccharum	  species.	  This	  chapter	  is	  a	  review	  of	  relevant	  taxonomic	  and	  phylogenetic	  studies	  in	  Saccharum	  (Irvine,	  1999;	  Grivet	  et	  al.,	  2004).	  
1.2 Taxonomy	  of	  Grasses	  The	  grass	  family	  (Poaceae),	  to	  which	  sugarcane	  belongs,	  is	  arguably	  the	  most	  evolutionary	  diverse	  among	  plants,	  as	  it	  is	  comprised	  of	  about	  10,000	  species	  and	  700	  genera	  (Kellogg,	  1998).	  Poaceae	  is	  adaptively	  successful	  that	  it	  accounts	  for	  about	  a	  quarter	  of	  the	  planet’s	  vegetation	  (Gaut,	  2002).	  The	  domesticated	  grass	  species,	  especially	  the	  cereals	  and	  grain	  crops,	  provided	  the	  foundation	  for	  civilization	  to	  flourish,	  radiating	  from	  the	  Fertile	  Crescent	  region	  in	  the	  Middle	  East	  to	  the	  different	  parts	  of	  the	  world	  (Gaut,	  2002;	  Meyer	  and	  Purugganan,	  2013).	  Most	  of	  the	  economically	  important	  domesticated	  grass	  species	  of	  today	  are	  found	  in	  four	  of	  the	  twelve	  recognized	  taxonomic	  subfamilies:	  Pooideae	  (example:	  wheat),	  Ehrhartoideae	  (example:	  rice),	  Chloridoideae	  (example:	  finger	  millet),	  
Panicoideae	  (example:	  maize,	  sorghum	  and	  sugarcane)	  (Figure	  1.1).	  Pooideae	  includes	  mostly	  the	  important	  C3	  grasses	  in	  temperate	  regions.	  Chloridoideae	  and	  
Panicoideae	  include	  a	  majority	  of	  the	  C4	  grasses	  found	  in	  the	  tropical	  and	  subtropical	  regions	  (Gaut,	  2002).	  The	  substantial	  uncertainty	  in	  the	  taxonomy	  of	  grasses	  is	  largely	  due	  to	  the	  pervasive	  rapid	  speciation	  events	  in	  its	  evolutionary	  history	  (Kellogg,	  2013),	  accordingly	  reflected	  in	  phylogenetic	  trees	  with	  short	  internal	  nodes.	  In	  addition,	  polyploid	  members	  such	  as	  Saccharum	  have	  reticulate	  evolutionary	  history	  and	  overlapping	  physio-­‐morphological	  traits	  such	  that	  molecular	  phylogenetics	  studies	  to	  resolve	  taxonomic	  relationship	  remain	  confusing	  and	  even	  contradictory	  (Kellogg,	  2013;	  Paterson	  et	  al.,	  2013).	  Thus,	  in	  the	  grass	  family,	  additional	  intermediate	  taxonomical	  ranks	  are	  employed	  such	  that	  a	  family	  is	  divided	  into	  subfamilies,	  which	  in	  turn	  is	  divided	  into	  tribes,	  and	  tribes	  into	  subtribes	  (Kellogg,	  2013).	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Within	  subfamily	  Panicoideae	  is	  tribe	  Andropogoneae,	  a	  tribe	  that	  includes	  87	  genera	  and	  1,060	  species	  of	  some	  of	  the	  most	  specialized	  tropical	  monocots	  with	  a	  C4	  photosynthesis	  system	  (Chalupska	  et	  al.,	  2008).	  One	  of	  these	  is	  the	  subtribe	  
Saccharinae	  which	  includes	  the	  two	  top	  candidates	  for	  lignocellulosic	  biofuel	  source:	  Saccharum,	  currently	  the	  leading	  biofuel	  crop	  worldwide,	  and	  Miscanthus,	  among	  the	  highest-­‐yielding	  biomass	  crops	  (Paterson	  et	  al.,	  2013).	  The	  other	  members	  of	  tribe	  Andropogoneae	  are:	  Imperata,	  Eriochrysis,	  Ecoilopus,	  Spodiopogon,	  
Miscanthidium,	  Erianthus,	  Narenga,	  and	  Sclerostacya.	  
1.3 The	  genus	  Saccharum	  Current	  knowledge	  accepts	  that	  Saccharum	  is	  made	  up	  of	  six	  recognized	  species,	  all	  of	  which	  are	  polyploid	  with	  variable	  ploidy	  levels	  (Daniels	  and	  Roach	  1987;	  Grivet	  et	  al.,	  2004).	  There	  are	  three	  cultivated	  species	  in	  the	  genus:	  S.	  
officinarum	  (2n=80),	  S.	  sinense	  (2n=80-­‐140)	  and	  S.	  barberi	  (2n=111-­‐120);	  two	  wild	  species:	  S.	  spontaneum	  (2n=40	  to	  128)	  and	  S.	  robustum	  (2n=	  60	  -­‐	  200);	  and	  a	  domesticated	  species	  consumed	  as	  vegetable	  and	  found	  only	  in	  New	  Guinea:	  S.	  edule	  (2n	  =	  60	  to	  122)	  (Table	  1.1).	  
S.	  officinarum	  is	  the	  domesticated	  species,	  being	  observed	  in	  close	  proximity	  to	  human	  activity	  in	  New	  Guinea	  and	  the	  surrounding	  region.	  It	  is	  an	  auto-­‐octoploid	  with	  basic	  chromosome	  number	  of	  x=10	  (i.e.	  2n=8x=80),	  although	  these	  chromosomes	  might	  not	  be	  arranged	  as	  eight	  equal	  sets	  of	  ten	  homologous	  linkage	  groups,	  as	  was	  suggested	  by	  cytological	  studies	  involving	  fluorescence	  in	  situ	  hybridization	  (FISH)	  (Alix	  et	  al.,	  1999).	  The	  domesticated	  S.	  officinarum	  is	  expected	  to	  show	  the	  lowest	  phenotypic	  variability	  among	  Saccharum	  species,	  yet	  a	  considerably	  wide	  range	  of	  values	  is	  observed	  in	  the	  supposed	  domesticated	  traits	  such	  as	  stalk	  size	  and	  sugar	  content	  (Nair	  et	  al.,	  1980).	  S.	  officinarum	  is	  also	  referred	  to	  as	  a	  chewing	  cane,	  as	  it	  was	  first	  consumed	  as	  a	  chewable	  snack	  and	  grown	  in	  subsistence	  gardens	  in	  Papua	  New	  Guinea	  (Aitken	  et	  al.,	  2010).	  
S.	  spontaneum	  is	  the	  wild	  species	  that	  conferred	  most	  of	  the	  hardiness	  traits	  of	  modern	  cultivars.	  It	  has	  the	  widest	  geographic	  distribution,	  stretching	  from	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tropical	  to	  subtropical	  regions,	  and	  grows	  rather	  well	  in	  diverse	  growing	  conditions	  from	  the	  dry	  desert	  areas	  of	  East	  Africa	  and	  Australia	  and	  the	  floodplains	  of	  Southeast	  Asian	  regions	  to	  the	  arid	  plains	  of	  India	  and	  the	  colder	  regions	  of	  sub-­‐tropical	  Northern	  China.	  S.	  spontaneum	  is	  characterized	  by	  traits	  such	  as	  a	  profuse	  number	  of	  thin	  stalks	  (<13mm)	  with	  no	  or	  very	  little	  sugar,	  and	  a	  persistent	  growth	  form	  though	  a	  rhizomatous	  root	  system,	  such	  that	  it	  is	  often	  classified	  as	  an	  invasive	  grass.	  Since	  it	  flowers	  quite	  profusely,	  it	  is	  highly	  likely	  that	  natural	  hybridization	  and	  introgression	  with	  other	  genera	  such	  as	  Erianthus	  might	  occur	  (Amalraj	  and	  Balasundaram,	  2005).	  It	  also	  has	  the	  most	  polymorphic	  genome	  composition,	  with	  a	  chromosome	  number	  ranging	  from	  2n=40-­‐128	  and	  a	  basic	  chromosome	  number	  x=8	  (D’Hont	  et	  al.,	  1998).	  
S.	  robustum	  is	  the	  only	  other	  recognized	  wild	  species	  in	  Saccharum	  and	  is	  distinguished	  from	  S.	  spontaneum	  by	  its	  larger	  inflorescence,	  smaller	  spikelet	  structures,	  thicker	  and	  longer	  stalks	  and	  lack	  of	  rhizomes.	  Originally	  found	  on	  the	  riverbanks	  of	  New	  Guinea,	  S.	  robustum	  is	  now	  found	  in	  the	  Indonesian	  region	  extending	  into	  wider	  Oceania	  such	  as	  Bismarck,	  Solomon,	  and	  Vanuatu	  islands	  (Grivet	  et	  al.,	  2004);	  it	  is	  not	  found	  in	  the	  Indian	  subcontinent.	  S.	  robustum’s	  most	  prevalent	  chromosome	  numbers	  are	  2n=60	  (the	  red	  fleshed	  forms)	  and	  2n=80,	  although	  cytotypes	  of	  2n=200	  has	  been	  reported	  (Price	  1963;	  Piperidis	  et	  al.,	  2010).	  
S.	  robustum	  has	  a	  basic	  chromosome	  number	  of	  x=10.	  Because	  of	  their	  transecting	  center	  of	  origin	  (i.e.	  New	  Guinea	  region),	  the	  same	  basic	  chromosome	  number	  (i.e.	  2n=10x=80),	  and	  an	  overlapping	  range	  of	  observed	  sugar	  content	  values	  (Aitken	  et	  al.,	  2010),	  it	  was	  speculated	  that	  cultivated	  S.	  officinarum	  is	  derived	  from	  S.	  
robustum	  (Daniels	  and	  Roach,	  1987).	  The	  remaining	  members	  in	  Saccharum	  were	  thought	  of	  as	  interspecific	  and	  intergeneric	  hybrids	  (Daniels	  and	  Roach,	  1987)	  until	  definitive	  molecular	  cytogenetics	  studies	  confirmed	  their	  interspecific	  origin	  (D’Hont	  et	  al.,	  2002).	  Most	  of	  these	  Saccharum	  member	  species	  are	  found	  in	  comparatively	  limited	  geographic	  distributions	  and,	  as	  some	  authors	  propose,	  do	  not	  possess	  enough	  taxonomic	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distinction	  as	  a	  species	  but	  rather	  fitting	  to	  be	  classified	  as	  horticultural	  groups	  (Irvine,	  1999;	  D’Hont	  et	  al.,	  2008;	  Piperidis	  et	  al.,	  2010).	  
S.	  sinense	  is	  the	  indigenous	  cultivated	  species	  of	  ancient	  China	  and,	  while	  it	  does	  not	  possess	  the	  same	  high	  levels	  of	  sugar	  in	  soft	  large	  stalks	  as	  the	  S.	  
officinarum	  canes,	  it	  is	  tolerant	  to	  colder	  temperatures	  of	  Northern	  China	  and	  thus	  is	  of	  higher	  commercial	  potential.	  It	  exhibits	  chromosomes	  numbers	  in	  the	  range	  of	  2n=80-­‐140	  and	  is	  proved	  to	  be	  an	  interspecific	  hybrid	  formed	  via	  natural	  introgression	  between	  S.	  officinarum	  and	  S.	  spontaneum	  (D’Hont	  et	  al.,	  2002).	  In	  the	  same	  manner,	  S.	  barberi	  is	  an	  indigenous	  in	  ancient	  India.	  It	  has	  a	  chromosome	  number	  of	  2n=111-­‐120	  and	  has	  been	  similarly	  formed	  as	  natural	  interspecific	  hybrids	  of	  S.	  officinarum	  with	  introgressions	  from	  the	  local	  indigenous	  wild	  S.	  spontaneum	  (D’Hont	  et	  al.,	  2002).	  
S.	  edule	  is	  a	  non-­‐sugar	  producing	  species	  grown	  and	  consumed	  as	  a	  vegetable	  in	  subsistence	  garden	  across	  New	  Guinea	  and	  Fiji.	  Its	  unopened	  inflorescence	  is	  edible	  and	  consumed	  either	  raw	  or	  cooked	  similar	  to	  asparagus	  (Waqaniurogers,	  1986).	  It	  is	  thought	  to	  be	  either	  an	  interspecific	  hybrid	  within	  Saccharum	  or	  an	  intergeneric	  hybrid	  within	  the	  Saccharum	  complex	  (Daniels	  and	  Roach,	  1987).	  It	  is	  a	  polyploid	  with	  chromosome	  number	  2n=	  60-­‐80	  with	  aneuploid	  forms.	  
1.4 The	  Saccharum	  Complex	  The	  overlapping	  phenotypic	  variability	  between	  Saccharum	  and	  related	  genera	  have	  prompted	  early	  authors	  to	  consider	  a	  possible	  significant	  role	  of	  these	  genera	  in	  the	  evolution	  of	  sugarcane.	  The	  “Saccharum	  complex”	  is	  an	  informal	  classification	  that	  refers	  to	  a	  clade	  of	  related	  genera	  within	  the	  subtribe	  Saccharinae	  that	  can	  interbreed	  and	  produce	  viable	  F1	  progenies	  (Daniels	  and	  Roach,	  1987)	  (see	  Figure	  1.2).	  It	  is	  consisted	  of	  Saccharum	  and	  closely	  related	  genera	  Erianthus,	  
Miscanthus,	  Sclerostachya	  and	  Narenga.	  These	  members	  of	  the	  Saccharum	  complex	  are	  found	  in	  wider	  distribution	  in	  America	  (considered	  “new	  world”	  in	  older	  literature),	  the	  Mediterranean,	  India,	  China,	  South	  East	  Asia,	  and	  New	  Guinea	  (collectively	  called	  “old	  world”).	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Miscanthus	  (2n=38,	  57,	  76)	  is	  currently	  gaining	  popularity	  as	  a	  promising	  biomass	  feedstock	  because,	  unlike	  sugarcane	  and	  maize,	  it	  is	  not	  a	  food	  crop	  and	  thus	  do	  not	  have	  the	  same	  policy	  issues	  associated	  with	  food	  versus	  fuel	  debate	  (Heaton,	  2004).	  Miscanthus,	  established	  in	  1855	  by	  Andersson,	  is	  considered	  to	  be	  the	  most	  primitive	  among	  the	  genus	  members	  in	  the	  Saccharum	  complex,	  being	  found	  in	  wider	  tropical	  Pacific	  and	  Indonesian	  region.	  Two	  species,	  M.	  sinensis	  and	  
M.	  sacchariflorus,	  are	  found	  well	  into	  the	  temperate	  Asian	  regions	  of	  North	  China,	  Japan	  and	  Siberia.	  M.	  x	  giganteus,	  a	  species	  originating	  from	  Japan,	  has	  been	  shown	  to	  thrive	  well	  in	  subsistence	  condition	  at	  temperatures	  lower	  than	  50oF	  (de	  Souza	  et	  al.,	  2013).	  Miscanthus	  has	  a	  signature	  tenacious	  rachis	  and	  paired	  pedicillate	  spikelets	  that	  distinguishes	  it	  from	  Saccharum	  and	  Erianthus.	  Miscanthus	  is	  a	  perennial	  grass	  that	  grows	  rapidly	  through	  its	  rhizomes	  and	  clumpers.	  Of	  the	  dozen	  or	  so	  recognized	  Miscanthus	  species,	  half	  are	  considered	  non-­‐invasive	  and	  recognized	  to	  be	  potential	  for	  lignocellulosic	  ethanol	  feedstock.	  Miscanthus	  species	  can	  also	  be	  grouped	  as	  either	  having	  three	  or	  two	  stamens.	  Only	  Diandra	  (4	  species)	  has	  two	  stamens	  while	  there	  are	  three	  that	  have	  three	  stamens,	  which	  would	  include	  Triarrhena	  (1	  species),	  Miscanthus	  (4	  species),	  and	  Hariyusua	  (3	  species)	  (Amalraj	  and	  Balasundaram,	  2005).	  Miscanthus	  is	  morphologically	  similar	  to	  
Saccharum	  except	  for	  its	  paired	  pedicellate	  spikelets	  and	  a	  rachis	  that	  does	  not	  break	  up	  at	  maturity.	  
Erianthus	  (2n=20,30,40,	  and	  60)	  was	  established	  by	  Michaux	  in	  1803	  as	  cited	  by	  Amalraj	  and	  Balasundaram	  (2005),	  and	  is	  easily	  recognized	  by	  its	  wooly	  glumes.	  It	  has	  a	  very	  wide	  cytotype	  and	  distribution,	  being	  found	  both	  in	  the	  new	  and	  old	  worlds	  and	  thus	  is	  often	  implicated	  in	  forming	  natural	  intergeneric	  species	  with	  
Saccharum	  (Jackson	  and	  Henry,	  2011).	  The	  basic	  chromosome	  number	  for	  Erianthus	  is	  x=10.	  There	  are	  seven	  listed	  species:	  E.	  arundinaceous	  (2n	  =	  30,	  40,	  60),	  E.	  
kanashiroi	  (2n	  =	  60),	  E.	  procerus	  (2n	  =	  40),	  E.	  ravennae	  (2n	  =	  20),	  E.	  elephantinus	  (2n	  =	  20),	  E.	  bengalense	  (2n	  =	  20,	  30,	  40,	  60)	  and	  E.	  hostii	  (2n	  =	  20)	  (Jackson	  and	  Henry,	  2011).	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Sclerostachya	  (2n=30),	  established	  by	  Camus	  in	  1922,	  is	  distinguished	  with	  its	  prominently	  rigid	  and	  hard	  inflorescence,	  a	  pair	  of	  pedicellate	  spikelets,	  hollow	  stalks,	  absence	  of	  root	  bands,	  poorly	  developed	  buds,	  glabrous	  sheath	  and	  leaves	  and	  copper–brown	  panicle.	  Mostly	  concentrated	  in	  India,	  Burma,	  China	  and	  Malaysia,	  there	  are	  only	  two	  known	  species:	  S.	  fusca	  and	  S.	  ridleyi	  (Amalraj	  and	  Balasundaram,	  2005).	  
Narenga	  (2n=30),	  established	  by	  Bor	  in	  1940,	  is	  similar	  to	  Sclerostachya	  except	  that	  it	  has	  sessile	  spikelets,	  bearded	  nodes,	  pubescent	  sheath	  and	  leaf.	  It	  is	  also	  restricted	  in	  India	  and	  South	  East	  Asia	  and	  shows	  the	  same	  chromosome	  number	  2n=30	  in	  its	  two	  known	  species:	  N.	  fallax	  and	  N.	  porphyrocoma	  (Amalraj	  and	  Balasundaram,	  2005;	  Jackson	  and	  Henry,	  2011).	  The	  “Saccharum	  complex”	  (Mukherjee,	  1957)	  is	  of	  more	  utility	  to	  breeders	  than	  to	  taxonomists	  because	  it	  aims	  to	  elucidate	  the	  role	  of	  the	  closely	  related	  genera	  in	  the	  evolution	  of	  Saccharum	  (Daniels	  and	  Roach,	  1987).	  DNA	  fingerprinting	  analyses	  show	  distinct	  differences	  on	  representative	  samples	  of	  Saccharum,	  
Miscanthus,	  and	  Erianthus	  as	  shown	  by	  various	  molecular	  markers,	  such	  as	  RFLP	  (Lu	  et	  al.,	  1994),	  AFLP	  (Selvi	  et	  al.,	  2003),	  SSR	  markers	  (Cai	  et	  al.,	  2005),	  and	  sequence	  data	  (Hodkinson	  et	  al.,	  2002),	  and	  southern	  blot	  using	  species-­‐specific	  inter	  Alu-­‐like	  sequences	  as	  probes	  (Alix	  et	  al.,	  1999).	  These	  results	  suggest,	  contrary	  to	  a	  long	  held	  hypothesis	  (Daniels	  and	  Roach,	  1987),	  Saccharum	  evolved	  independent	  of	  the	  other	  closely	  related	  genera	  Miscanthus	  and	  Erianthus	  of	  the	  Saccharum	  complex	  (D’Hont	  et	  al.,	  2008).	  Additionally,	  the	  studies	  also	  reveal	  that	  Saccharum	  is	  more	  closely	  related	  to	  Miscanthus	  than	  Erianthus	  (Alix	  et	  al.,	  1999).	  This	  does	  not,	  however,	  preclude	  the	  formation	  of	  natural	  intergeneric	  hybrids	  in	  isolated	  ecological	  niches	  such	  as	  the	  edible	  sugarcane	  S.	  edule	  found	  only	  in	  New	  Guinea	  (Daniels	  and	  Roach,	  1987).	  
1.5 Domestication	  of	  Saccharum	  The	  most	  widely	  accepted	  and	  simplest	  scenario	  for	  sugarcane	  domestication	  was	  put	  forth	  about	  50	  years	  ago	  by	  Brandes	  (1956).	  The	  noble	  cane	  S.	  officinarum	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was	  domesticated	  from	  S.	  robustum	  in	  the	  New	  Guinea	  region	  and	  was	  then	  dispersed	  to	  Asia	  and	  Pacific	  and	  Indian	  sub-­‐continent	  through	  human	  migration.	  In	  Asia,	  S.	  officinarum	  hybridized	  with	  local	  S.	  spontaneum	  giving	  rise	  to	  the	  North	  Indian	  and	  Chinese	  cultivars	  (Daniels	  and	  Roach,	  1987;	  Grivet	  et	  al.,	  2004)	  (Figure	  1.3).	   It	  is	  certain	  that	  after	  the	  domestication	  of	  sugarcane,	  human	  movement	  facilitated	  its	  distribution	  into	  the	  modern	  world	  based	  on	  written	  historical	  literatures	  and	  artifacts.	  Although	  it	  is	  known	  that	  the	  cultivation	  of	  chewing	  canes	  in	  New	  Guinea	  regions	  predates	  written	  history,	  the	  earliest	  reference	  to	  sugar-­‐making	  were	  found	  in	  ancient	  Chinese	  and	  Sanskrit	  texts	  dated	  at	  1500-­‐800	  BC	  while	  relics	  of	  oldest	  boiling	  cane	  juice	  was	  discovered	  in	  India	  dated	  at	  around	  the	  first	  millennium	  BC	  (Cordeiro	  et	  al.,	  2007).	  The	  movement	  of	  Buddhist	  monks	  into	  the	  South	  East	  at	  around	  1000	  BC	  most	  likely	  brought	  sugarcane	  towards	  the	  inner	  Asian	  regions.	  The	  movement	  of	  the	  Greeks	  from	  the	  Indus	  Valley	  in	  the	  4th	  century	  BC	  facilitated	  the	  movement	  of	  sugarcane	  into	  the	  early	  western	  world.	  It	  is	  claimed	  that	  the	  5th	  century	  BC	  Greek	  historian	  Herotudus,	  the	  Persian	  Emperor	  Darius	  who	  reigned	  550–486	  BC	  and	  Alexander	  the	  Great	  and	  his	  army	  in	  326	  BC	  were	  aware	  of	  the	  “reed	  which	  produced	  honey	  without	  bees”	  (Cordeiro	  et	  al.,	  2007).	  The	  processing	  of	  sugar	  into	  crystallized	  form	  was	  first	  done	  in	  India	  at	  around	  300	  AD	  and	  transferred	  and	  learned	  by	  the	  Persians	  by	  540	  AD.	  The	  Arab	  invasion	  of	  Persia	  in	  641	  AD	  paved	  the	  way	  for	  sugar-­‐making	  to	  reach	  Egypt	  and	  the	  eventual	  establishment	  of	  the	  first	  sugar	  refinery	  around	  the	  year	  1000	  AD.	  The	  Portuguese’s	  conquest	  of	  Madeira	  and	  Canary	  islands	  in	  1400s,	  and	  later,	  the	  colonization	  of	  Brazil	  in	  the	  16th	  century,	  brought	  sugarcane	  to	  West	  Africa	  and	  South	  America.	  Columbus’	  further	  movement	  inward	  into	  Americas	  in	  1493	  introduced	  sugarcane	  into	  the	  new	  world,	  eventually	  reaching	  the	  British	  and	  French	  West	  Indies	  a	  century	  after.	  By	  the	  1600s,	  sugarcane	  was	  grown	  in	  tropical	  and	  subtropical	  regions,	  from	  the	  Middle	  East,	  North	  Africa,	  Southern	  Europe	  and	  Americas.	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1.6 Current	  Knowledge	  on	  the	  Evolution	  of	  Saccharum	  Given	  the	  accumulated	  molecular	  studies	  (D’Hont	  et	  al.,	  2008),	  it	  is	  highly	  likely	  that	  cultivated	  sugarcane	  emerged	  solely	  from	  the	  two	  wild	  Saccharum	  species,	  S.	  spontaneum	  and	  S.	  robustum	  (Figure	  1.2).	  These	  two	  wild	  species	  possess	  different	  genome	  organization.	  The	  wild	  species	  S.	  spontaneum	  and	  S.	  robustum	  have	  a	  basic	  chromosome	  number	  of	  x=8	  and	  x=10,	  respectively,	  based	  on	  florescence	  in	  situ	  hybridization	  and	  physical	  mapping	  (D’Hont	  et	  al.,	  1998).	  This	  finding	  further	  confirmed	  earlier	  studies	  showing	  nuclear,	  cytoplasmic	  and	  ribosomal	  differences	  between	  these	  two	  wild	  species	  (Glaszmann	  et	  al.,	  1990;	  Lu	  et	  al.,	  1994).	  Because	  it	  possesses	  higher	  genetic	  variability,	  larger	  range	  of	  cytotypes,	  and	  has	  a	  wider	  geographic	  incidence,	  S.	  spontaneum	  is	  considered	  closest	  to	  the	  ancient	  Saccharum	  form	  (Butterfield	  et	  al.,	  2001;	  Aitken	  et	  al.,	  2010).	  S.	  robustum	  on	  the	  other	  hand,	  is	  found	  in	  the	  New	  Guinea	  regions	  but	  not	  in	  India	  or	  China.	  However,	  in	  regions	  of	  sympatry,	  such	  as	  Borneo,	  these	  two	  wild	  species	  exhibit	  overlapping	  variation	  with	  plant	  populations	  exhibiting	  intermediate	  characteristics	  (Grivet	  et	  al.,	  2004).	  On	  the	  contrary,	  S.	  spontaneum	  found	  in	  New	  Guinea	  –	  the	  center	  of	  origin	  for	  S.	  
robustum	  –	  has	  a	  single	  pervasive	  cytotype	  of	  2n=80	  (D’Hont	  et	  al.,	  1998).	  These	  S.	  
spontaneum	  manifest	  similar	  DNA	  signature	  and	  hybridization	  behaviors	  as	  S.	  
robustum	  (Besse	  et	  al.,	  1997;	  Alix	  et	  al.,	  1998).	  They	  even	  manifest	  the	  signature	  2n	  gamete	  transmission	  in	  interspecific	  crosses	  largely	  attributed	  to	  S.	  officinarum.	  As	  such,	  it	  seems	  that	  2n=80	  S.	  spontaneum	  is	  an	  intermediate	  in	  the	  evolution	  of	  S.	  
robustum.	  The	  hypothesis	  that	  S.	  officinarum	  directly	  originated	  from	  S.	  robustum,	  however,	  cannot	  be	  fully	  established	  because	  an	  RFLP	  marker	  was	  found	  common	  between	  S.	  officinarum	  and	  S.	  spontaneum	  but	  not	  with	  S.	  robustum	  (Lu	  et	  al.,	  1994).	  The	  accumulated	  data	  so	  far	  cannot	  disprove	  that	  sweet	  canes	  in	  Saccharum	  came	  from	  S.	  officinarum.	  These	  noble	  canes	  have	  a	  basic	  chromosome	  number	  x=10,	  and	  are	  similar	  to	  their	  purported	  direct	  progenitor	  S.	  robustum	  (D’Hont	  et	  al.,	  1998)	  (Figure	  1.2).	  This	  is	  different	  from	  x=5,	  the	  basic	  chromosome	  number	  of	  the	  
Andropogoneae	  tribe	  to	  which	  Saccharum	  belongs	  (Gaut	  and	  Doebley,	  1997).	  These	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differences	  in	  the	  basic	  chromosome	  number	  suggest	  genome	  reorganization	  and	  restructuring	  has	  occurred	  after	  divergence	  from	  a	  common	  ancestor	  (Butterfield	  et	  al.,	  2001).	  Indeed,	  chromosomal	  rearrangements	  that	  differentiate	  S.	  officinarum	  from	  S.	  spontaneum,	  as	  well	  as	  those	  that	  differentiate	  Saccharum	  and	  Sorghum,	  were	  identified	  in	  genetic	  linkage	  maps	  (Ming	  et	  al.,	  2001).	  A	  more	  in-­‐depth	  investigation	  into	  the	  time	  of	  divergence	  using	  the	  Ka/Ks	  ratio	  derived	  from	  transcriptome-­‐wide	  NGS	  data	  puts	  the	  divergence	  time	  to	  be	  0.77	  MYA	  between	  S.	  
spontaneum	  and	  S.	  robustum	  while	  0.37	  MYA	  between	  S.	  robustum	  and	  S.	  officinarum	  (R.	  Ming,	  personal	  communication).	  This	  timeframe	  dates	  back	  far	  beyond	  the	  general	  domestication	  epoch	  and	  suggests	  that	  the	  speciation	  of	  Saccharum	  is	  from	  natural	  selection.	  This	  further	  highlights	  the	  challenges	  in	  tracing	  the	  evolutionary	  relationships	  and	  divergence	  of	  the	  Saccharum	  member	  species.	  On	  the	  other	  hand,	  it	  has	  been	  shown	  that	  S.	  barberi	  and	  S.	  sinense	  are	  interspecific	  hybrids	  derived	  from	  S.	  spontaneum	  and	  S.	  robustum	  based	  on	  genomic	  hybridization	  signals	  using	  low-­‐copy	  nuclear	  DNA	  (Lu	  et	  al.,	  1994)	  and	  genomic	  in-­‐situ	  hybridizations	  (GISH)	  (D’Hont	  et	  al.,	  2002)	  (Figure	  1.2).	  This	  dispels	  the	  early	  notion	  that	  these	  landraces	  were	  formed	  with	  a	  significant	  contribution	  from	  related	  genera	  Miscanthus	  and	  Erianthus	  (Grassl,	  1964)	  or	  that	  these	  landraces	  are	  natural	  variants	  of	  the	  local	  S.	  spontaneum	  (Daniels	  and	  Roach,	  1987).	  Since	  S.	  
robustum	  is	  not	  endemic	  in	  China	  and	  North	  India,	  it	  is	  highly	  likely	  that	  the	  landraces	  emerged	  from	  the	  natural	  hybridization	  of	  the	  introduced	  noble	  canes	  S.	  
officinarum	  with	  the	  local	  S.	  spontaneum,	  as	  was	  originally	  suggested	  by	  Brandes	  (1956).	  In	  addition,	  these	  landraces	  are	  early	  generation	  hybrids	  preserved	  through	  vegetative	  propagation	  as	  attested	  by	  the	  absence	  of	  interspecific	  recombinant	  chromosomes	  that	  are	  found	  in	  the	  advanced	  hybrid	  cultivars.	  These	  two	  landraces	  emergence	  parallel	  each	  other	  with	  respect	  to	  their	  origin,	  with	  the	  noble	  canes	  as	  the	  maternal	  counterpart	  based	  on	  the	  mitochondrial	  haplotype	  (D’Hont	  et	  al.,	  1993).	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In	  light	  of	  this	  information,	  Grivet	  et	  al.,	  (2004)	  proposed	  additional	  plausible	  details	  in	  the	  evolutionary	  path	  of	  Saccharum.	  The	  drifting	  and	  eventual	  separation	  of	  the	  ancient	  continental	  shelf	  along	  the	  Wallace	  line	  in	  the	  late	  Pleistocene	  period,	  some	  3	  MYA,	  provided	  the	  barrier	  for	  allopatric	  speciation	  between	  two	  progenitor	  species	  from	  a	  common	  ancestor.	  The	  relatively	  independent	  evolution	  of	  the	  two	  wild	  sister	  species	  in	  Saccharum	  gave	  rise	  to	  the	  S.	  spontaneum	  in	  the	  Sunda	  shelf	  (what	  is	  now	  mainland	  Southeast	  Asia,	  Java,	  Sumatra	  and	  Borneo)	  and	  the	  rise	  of	  S.	  
robustum	  in	  the	  Sahul	  shelf	  (what	  is	  now	  Australia	  and	  New	  Guinea	  region).	  As	  was	  cited	  earlier,	  human	  migration	  and	  movement	  transported	  the	  sugar-­‐bearing	  noble	  canes	  to	  Southeast	  Asia	  and	  formed	  natural	  interspecific	  hybrids	  in	  North	  India,	  Assam,	  and	  North	  Burma,	  up	  to	  Yunnan	  in	  South	  China.	  
1.7 QTL	  Mapping	  and	  Genome	  Scans	  in	  Breeding	  for	  Improved	  Cultivars	  The	  sugarcane	  grown	  today	  is	  product	  of	  a	  deliberate	  breeding	  effort	  of	  plant	  breeders	  about	  100	  years	  ago	  to	  compliment	  the	  sugar-­‐producing	  features	  of	  the	  then	  commercially	  cultivated	  noble	  canes,	  a	  colloquial	  term	  for	  domesticated	  species	  S.	  officinarum,	  with	  the	  disease	  resistance	  traits	  of	  its	  wild	  relative,	  S.	  
spontaneum.	  The	  Dutch	  breeders	  were	  credited	  in	  doing	  the	  first	  interspecific	  hybridization	  –	  a	  cross	  between	  S.	  officinarum	  ‘Black	  Cheribon’	  and	  the	  wild	  S.	  
spontaneum	  ‘Kassoer’	  (Bremer,	  1961)	  and	  the	  subsequent	  nobilization	  –	  that	  gave	  rise	  to	  the	  current	  commercial	  hybrid	  varieties.	  The	  repeated	  backcrossing	  to	  S.	  
officinarum	  to	  reduce	  linkage	  drag	  and	  redeem	  the	  noble	  traits	  in	  the	  initial	  interspecific	  F1	  progenies,	  often	  referred	  to	  as	  nobilization,	  have	  provided	  farmers	  the	  hybrid	  sugarcane	  varieties	  we	  know	  today.	  It	  is	  now	  known	  that	  the	  relatively	  quick	  restoration	  of	  the	  desired	  S.	  officinarum	  traits	  through	  nobilization	  was	  due	  to	  the	  unusual	  2n	  +	  n	  transmission	  of	  gametes.	  That	  is,	  the	  female	  parent	  S.	  officinarum	  transmitted	  2n	  chromosomes	  in	  F1	  and	  BC1	  generations	  (Bremer,	  1961).	  For	  this	  reason,	  sugarcane	  cultivars	  (i.e.	  Saccharum	  spp.	  hybrids;	  2n	  =	  ~12x	  =100–130)	  exhibit	  one	  of	  the	  most	  complex	  genome	  among	  crop	  plants:	  an	  aneuploid	  of	  at	  least	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12	  sets	  of	  10	  chromosomes	  of	  which	  70–80%	  are	  from	  S.	  officinarum,	  10–20%	  from	  
S.	  spontaneum	  and	  5-­‐10%	  from	  interspecific	  recombination	  (D’Hont	  et	  al.,	  1996).	  Because	  there	  were	  just	  a	  few	  clones	  involved	  in	  the	  original	  foundation	  crosses,	  a	  genetic	  bottleneck	  is	  present	  in	  the	  background	  of	  modern	  cultivars	  (Jannoo	  et	  al.,	  2004).	  In	  recognition	  of	  the	  potential	  negative	  long-­‐term	  consequences	  of	  genetic	  bottleneck	  brought	  by	  nobilization,	  sugarcane	  breeding	  programs	  invest	  in	  some	  form	  of	  genetic	  base	  broadening	  programs.	  Introgression	  via	  wide	  interspecific	  and	  even	  inter-­‐generic	  crosses	  within	  the	  Saccharum	  complex	  is	  being	  exploited	  with	  promising	  results	  such	  that	  most	  of	  the	  top	  and	  long-­‐standing	  performing	  released	  varieties	  are	  product	  of	  such	  base-­‐broadening	  effort	  (Ming	  et	  al.,	  2006).	  Taking	  advantage	  of	  the	  interrelatedness	  among	  grasses,	  as	  revealed	  by	  the	  presence	  of	  an	  extensive	  syntenic	  conservation	  (Grivet	  et	  al.,	  1994),	  seem	  to	  be	  the	  best	  work-­‐around	  in	  moving	  forward	  from	  a	  phenotype-­‐based	  to	  genetic-­‐based	  approach	  in	  sugarcane.	  Indeed,	  progress	  in	  sugarcane	  genomics	  has	  largely	  been	  aided	  with	  syntenic	  studies	  with	  model	  grass	  species,	  first	  with	  rice	  (Glaszmann	  et	  al.,	  1997;	  Asnaghi	  et	  al.,	  2004)	  and	  then	  sorghum	  (Ming	  et	  al.,	  2002a;	  Ming	  et	  al.,	  2002b;	  Wang	  et	  al.,	  2010).	  Genomic	  scans	  for	  footprints	  of	  selection	  (Tian	  et	  al.,	  2009)	  and	  candidate	  domestication	  genes	  (Yamasaki	  et	  al.,	  2007)	  might	  offer	  a	  better	  resolution	  for	  mining	  and	  discovery	  of	  domesticated	  genes	  in	  sugarcane.	  In	  this	  method,	  a	  genome-­‐wide	  comparison	  of	  sequence	  polymorphisms	  and	  diversity	  in	  the	  domesticated	  species	  compared	  to	  the	  wild	  species	  would	  facilitate	  the	  identification	  of	  regions	  or	  genes	  with	  reduced	  diversity	  –	  a	  textbook	  definition	  of	  domestication	  genes	  and/or	  bottleneck	  events.	  Once	  prohibitively	  expensive,	  a	  “selection	  scan”	  approach	  is	  now	  feasible	  with	  the	  highly	  polyploid	  and	  complex	  genome	  of	  sugarcane,	  largely	  due	  to	  exponential	  advances	  in	  sequencing	  technology.	  The	  use	  of	  selection	  scan	  has	  shown	  that	  about	  2-­‐4%	  of	  the	  maize	  genes	  are	  rewired	  for	  domestication	  and	  not	  just	  a	  few	  major	  genes	  as	  was	  previously	  thought	  (Wright	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et	  al.,	  2005).	  If	  S.	  officinarum	  is	  the	  sole	  progenitor	  to	  domesticated	  sugarcane,	  it	  is	  likely	  that	  human	  movement	  in	  this	  rather	  short	  evolutionary	  intervening	  period	  is	  the	  major	  factor	  that	  facilitated	  the	  emergence	  of	  the	  endemic	  interspecific	  cultivated	  groups	  in	  China	  and	  India	  represented	  today	  as	  S.	  sinense	  and	  S.	  barberi.	  In	  the	  same	  manner,	  the	  taxonomic	  classifications	  and	  evolutionary	  relationships	  of	  canes	  of	  Northern	  India	  (2n=81-­‐124)	  and	  China	  (2n=116-­‐120)	  were	  a	  subject	  of	  scrutiny.	  This	  domestication	  of	  sugarcane	  most	  likely	  started	  along	  the	  same	  time	  as	  the	  rise	  of	  millet	  and	  rice	  cultivation	  in	  East	  Asia	  in	  6,000	  to	  8,000	  BC	  (Grivet	  et	  al.,	  2004),	  an	  epoch	  that	  starts	  10,000	  years	  ago	  generally	  accepted	  as	  the	  start	  of	  most	  animal	  and	  crop	  domestication	  (Doebley	  et	  al.,	  2006;	  Tang	  et	  al.,	  2010).	  	  Like	  all	  domesticated	  crops,	  genes	  in	  sugarcane	  cultivars	  that	  are	  related	  to	  economically	  important	  traits	  such	  as	  sucrose	  yield	  and	  biomass	  accumulation	  exhibit	  lower	  genetic	  diversity	  than	  their	  wild	  relatives.	  In	  addition	  to	  this,	  the	  genetic	  bottleneck	  brought	  about	  by	  ‘nobilization’	  –	  i.e.	  the	  foundational	  interspecific	  hybridization	  followed	  by	  repeated	  backcrossing	  to	  a	  few	  elite	  high	  sugar	  content	  noble	  canes	  –	  have	  further	  narrowed	  the	  genetic	  base	  of	  today’s	  sugarcane	  hybrid	  cultivars	  (Alwala	  et	  al.,	  2007;	  Aitken	  et	  al.,	  2010).	  A	  telltale	  sign	  of	  the	  consequences	  of	  domestication	  and	  bottleneck	  events	  is	  the	  observed	  plateau	  in	  sucrose	  yield	  improvement	  in	  most	  breeding	  programs	  such	  that	  sugar	  yield	  in	  recent	  decades	  was	  mainly	  a	  function	  of	  increased	  cane	  tonnage,	  not	  sugar	  content	  per	  se	  (Jackson,	  2005).	  Because	  the	  effort	  of	  introgression	  is	  similar	  to	  casting	  a	  wider	  net	  in	  exchange	  for	  precision,	  genetic	  base-­‐broadening	  programs	  are	  handicapped	  by	  the	  length	  of	  time	  and	  the	  amount	  of	  resources	  it	  takes	  to	  screen	  for	  the	  useful	  alleles	  from	  the	  wild	  to	  the	  elite	  germplasm	  pool.	  Moreover,	  QTL	  maps	  and/or	  marker	  assisted	  breeding	  (MAS)	  to	  tag	  the	  useful	  alleles	  or	  genes	  have	  only	  identified	  of	  minor	  QTLs	  largely	  because	  of	  the	  complex	  genome	  of	  sugarcane.	  Moreover,	  for	  genetically	  complex	  crops	  with	  large	  genome	  sizes	  such	  as	  sugarcane,	  a	  saturated	  genetic	  linkage	  map	  has	  yet	  to	  be	  developed.	  QTL	  analysis	  and	  MAS	  has	  yet	  to	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overcome	  such	  hurdles	  to	  find	  its	  way	  into	  mainstream	  sugarcane	  plant	  breeding	  programs.	  Selection	  scans	  have	  been	  proven	  as	  a	  feasible	  approach	  to	  detecting	  loci	  with	  reduced	  genetic	  diversity	  in	  the	  cultivated	  species	  compared	  to	  the	  wild	  species	  (Tang	  et	  al.,	  2010).	  These	  bottom-­‐up	  genomics	  approach	  of	  detecting	  candidate	  domestication	  loci	  or	  genes	  are	  unbiased	  by	  the	  background-­‐specific	  segregation	  of	  the	  mapping	  population	  or	  limited	  by	  bias	  for	  pre-­‐determined	  genes	  that	  are	  deemed	  associated	  to	  domestication	  traits	  (Chapman	  et	  al.,	  2008).	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1.9 Figures	  
	  
Figure	   1.1:	   Phylogeny	   of	   Poaceae,	   showing	   relationships	   among	   subfamilies	   by	  Christin	  (2008)	  and	  Kellogg	  (2013).	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Figure	   1.2:	  Scenario	  of	  evolutionary	  relationship	  and	  domestication	   in	  Saccharum	  as	  suggested	  from	  available	  accumulated	  molecular	  phylogenetic	  studies	  (Grivet	  et	  al.,	  2006).	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Figure	   1.3:	   Evolution	   and	   domestication	   of	   Saccharum	   as	   originally	   proposed	   by	  Brandes	  (1956).	  Arrows	  indicate	  movement	  of	  the	  cultivated	  S.	  officinarum	  as	  aided	  by	  human	  migration;	  centers	  of	  origin	  of	  S.	  spontaneum	  (light	  gray),	  S.	  sinense	  and	  S.	  
barberi	  (mid	  gray)	  and	  S.	  robustum	  (dark	  gray).	  After	  Aitken	  et	  al.,	  2010.	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1.10 Tables	  
Table	  1.1:	  The	  genus	  Saccharum	  (from	  Cordeiro	  et	  al.,	  2007).	  
Species	  
Chromosome	  
Number	  (2n)	   Notes	  
S.	  barberi	   111-­‐120	   Indian	  cane	  
S.	  edule	   60-­‐80	   Domesticated	  form	  with	  aborted	  flowers	  
S.	  officinarum	   80	   Domesticated	  sweet	  cane	  of	  New	  Guinea	  and	  South	  Pacific	  
S.	  robustum	   60-­‐80	   Probable	  ancestor	  of	  S.	  officinarum	  
S.	  sinense	   80-­‐140	   Chinese	  cane	  
S.	  spontaneum	   40-­‐128	   Wild	  cane	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2 Detecting	  Signals	  of	  Selection	  in	  Saccharum	  
2.1 Abstract	  The	  trajectory	  from	  wild	  to	  domesticate	  is	  a	  long	  and	  complex	  process	  that	  leaves	  strong	  signatures	  of	  selection	  on	  the	  genome.	  We	  present	  in	  this	  study	  a	  population	  genetics	  approach	  to	  scan	  for	  signals	  of	  selection	  and	  domestication	  in	  sugarcane	  (Saccharum	  spp.),	  the	  leading	  source	  of	  global	  sugar	  and	  biofuel	  production.	  We	  screened	  a	  total	  of	  48	  representative	  accessions	  of	  the	  domesticated	  
S.	  officinarum	  and	  the	  wild	  species	  S.	  spontaneum	  and	  S.	  robustum.	  2.8	  million	  single	  nucleotide	  polymorphisms	  (SNPs)	  were	  found	  from	  2.3	  billion	  RNA-­‐seq	  reads	  generated	  from	  leaf	  and	  stalk	  tissues.	  In	  the	  leaf	  transcriptome,	  the	  average	  SNP	  density	  for	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  robustum	  were	  32.3,	  34.9,	  and	  35.1	  SNPs	  per	  Kb	  while	  in	  the	  stalk	  transcriptome,	  the	  average	  SNP	  densities	  for	  S.	  
officinarum	  and	  S.	  spontaneum	  were	  slightly	  higher,	  at	  45.83	  and	  51.9	  SNPs	  per	  Kb,	  respectively.	  Wright’s	  fixation	  index	  (Fst)	  test	  reveals	  a	  higher	  allelic	  diversity	  in	  the	  stalks	  transcriptome,	  with	  S.	  officinarum	  (Fst	  =	  0.69)	  showing	  67%	  higher	  allele	  diversity	  than	  S.	  spontaneum	  (Fst	  =	  0.41).	  The	  allele	  diversity	  in	  Saccharum	  is	  characterized	  by	  the	  prevalence	  of	  intermediate-­‐allele	  frequency	  typical	  of	  a	  balancing	  selection	  and	  reflective	  of	  the	  high	  degree	  of	  heterozygosity	  in	  this	  species.	  Singleton	  SNPs	  were	  more	  prevalent	  in	  the	  domesticated	  S.	  officinarum.	  The	  population	  structure	  of	  sugarcane	  does	  not	  render	  to	  conventional	  population	  genetics	  tests	  for	  signals	  of	  selection	  due	  to	  the	  dynamics	  imposed	  by	  fixed	  heterozygosity.	  Site	  frequency	  spectrum	  (SFS)	  pattern	  describes	  higher	  per-­‐site	  heterozygosity	  in	  genes	  that	  might	  be	  targets	  of	  domestication.	  Around	  300	  candidate	  domestication	  genes	  were	  detected	  in	  S.	  officinarum	  based	  on	  the	  prevalence	  of	  balancing	  selection	  among	  ~5,000	  SNPs.	  Thus,	  it	  could	  be	  that	  the	  rise	  of	  the	  sugar-­‐bearing	  S.	  officinarum	  is	  due	  to	  the	  spread	  of	  a	  few	  new	  alleles	  maintained	  at	  a	  heterozygous	  state	  at	  each	  single	  locus.	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2.2 Introduction	  Sugarcane	  is	  an	  economically	  important	  crop,	  supplying	  80%	  of	  the	  worldwide	  sugar	  demand,	  and	  is	  recognized	  as	  a	  versatile	  and	  viable	  biofuel	  feedstock	  (Cordeiro	  et	  al.,	  2007).	  However,	  breeding	  for	  improved	  sugar	  and	  biomass	  yield	  in	  sugarcane	  has	  its	  unique	  challenges	  because	  of	  its	  polyploidy	  and	  large	  genome.	  Despite	  this,	  molecular	  biology	  has	  gradually	  unraveled	  the	  extent	  and	  nature	  of	  the	  unusual	  genome	  of	  sugarcane,	  providing	  incremental	  understanding	  of	  the	  fundamentals	  of	  polyploidy	  and	  polyploid	  evolution	  such	  as	  polysomic	  inheritance,	  heterozygosity,	  gene	  expression	  and	  regulation,	  and	  even	  diploidization	  (Ming	  et	  al.,	  1998;	  Casa	  et	  al.,	  2005;	  McKey	  et	  al.,	  2010).	  The	  complexity	  and	  size	  of	  the	  sugarcane	  genome	  –	  a	  hybrid	  between	  two	  equally	  complex	  progenitor	  species	  –	  are	  partly	  the	  reasons	  that	  progress	  in	  improving	  its	  domesticated	  trait,	  sugar	  content,	  has	  reached	  a	  ceiling	  in	  recent	  decades.	  Accumulated	  knowledge	  of	  past	  studies	  using	  molecular	  markers	  and	  QTL	  mapping	  has	  shown	  that	  sucrose	  accumulation	  is	  a	  domesticated	  trait	  controlled	  by	  genes	  of	  the	  sucrose	  metabolism	  and	  transport	  pathways	  (Butterfield	  et	  al.,	  2001;	  Ming	  et	  al.,	  2001,	  Bonnett	  et	  al.,	  2004;	  Casu	  et	  al.,	  2004;	  Manners	  et	  al.,	  2011).	  Further	  detailed	  investigation,	  however,	  is	  largely	  impeded	  by	  the	  nature	  and	  complexity	  of	  its	  genome.	  Allele	  diversity	  analyses,	  for	  example,	  proved	  to	  be	  a	  complex	  task	  in	  studying	  key	  genes	  in	  a	  genetic	  background	  with	  multi-­‐gene	  families	  (McIntyre	  et	  al.,	  2006,	  Zhang	  et	  al.,	  2013).	  Thus,	  to	  unravel	  the	  complexity	  of	  the	  sugarcane	  genome,	  one	  has	  to	  understand	  its	  genesis	  and	  the	  nature	  of	  its	  progenitor	  species.	  The	  construction	  of	  genetic	  linkage	  maps	  in	  sugarcane	  needs	  more	  refinement	  to	  be	  at	  par	  with	  the	  resolution	  of	  most	  of	  the	  published	  QTL	  linkage	  maps	  to	  date	  (Alwala	  et	  al.,	  2007)	  due	  to	  its	  complex	  inheritance	  pattern	  brought	  by	  a	  high	  level	  of	  polyploidy.	  Although	  several	  QTL	  mapping	  studies	  have	  been	  used	  to	  identify	  genes	  related	  to	  agronomic	  traits,	  most	  of	  the	  identified	  QTL	  only	  account	  for	  a	  small	  proportion	  of	  the	  phenotypic	  variance	  (Ming	  et	  al.,	  2001;	  McIntyre	  et	  al.,	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2006).	  Selection	  scans	  might	  provide	  a	  more	  robust	  approach	  in	  finding	  candidate	  domestication	  genes	  over	  QTL	  mapping	  due	  to	  difficulty	  of	  interpreting	  genetic	  segregation	  patterns.	  Selection	  scans,	  on	  the	  other	  hand,	  identify	  footprints	  of	  selection	  and	  differentiate	  the	  candidate	  domestication	  genes	  based	  on	  patterns	  of	  genetic	  variation	  even	  in	  the	  absence	  of	  information	  as	  to	  which	  genes	  they	  regulate	  (Chapman	  et	  al.,	  2008).	  The	  identification	  of	  domestication	  genes	  –	  genes	  driven	  to	  low	  diversity	  as	  a	  consequence	  of	  artificial	  selection	  in	  diploid	  crops	  –	  can	  lead	  to	  the	  identification	  of	  their	  genetically	  diverse	  yet	  untapped	  allelic	  counterpart	  in	  the	  wild	  species.	  Tracing	  diversity	  bottlenecks	  in	  polyploid	  genome,	  however,	  is	  problematic	  due	  to	  the	  combined	  effects	  of	  aberrant	  meiosis	  and	  buffered	  heterozygosity	  levels	  (Dubcovsky	  and	  Dvorak,	  2007).	  	  This	  is	  made	  more	  challenging	  in	  clonally	  propagated	  crops	  like	  sugarcane	  where,	  without	  the	  benefit	  of	  sexual	  recombination	  for	  new	  allele	  combinations,	  mutation	  rate	  has	  an	  elevated	  role	  in	  adaptive	  speciation	  (McKey	  et	  al.,	  2010).	  We	  present	  here	  a	  population	  genetics	  approach	  in	  a	  transcriptome-­‐wide	  scan	  for	  signals	  of	  selection	  and	  domestication	  in	  Saccharum.	  We	  screened	  a	  total	  of	  48	  accessions	  of	  the	  domesticated	  S.	  officinarum	  and	  the	  two	  wild	  species,	  S.	  
spontaneum	  and	  S.	  robustum.	  We	  employed	  RNA-­‐seq	  analysis	  to	  discover	  population-­‐wide	  single	  nucleotide	  polymorphisms	  to	  investigate	  the	  population	  genetics	  of	  Saccharum.	  Specifically,	  this	  study	  aims	  to	  describe	  the	  nature	  and	  degree	  of	  population-­‐wide	  allelic	  diversity	  within	  and	  between	  S.	  officinarum,	  S.	  
spontaneum	  and	  S.	  robustum,	  and	  identify	  genes	  that	  are	  targets	  of	  domestication	  and	  thereby	  facilitate	  the	  exploration	  of	  biological	  and	  molecular	  functions	  associated	  with	  the	  domestication	  of	  Saccharum.	  
2.3 Results	  
2.3.1 Transcriptome	  Sequencing	  in	  Saccharum	  We	  performed	  RNA-­‐seq	  analyses	  on	  48	  accessions	  of	  S.	  officinarum,	  S.	  
spontaneum	  and	  S.	  robustum,	  constructing	  cDNA	  libraries	  in	  the	  leaf	  and	  stalk	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tissues.	  	  Reads	  derived	  from	  the	  leaf	  transcriptome	  sum	  up	  to	  1.3B	  short	  reads,	  comprised	  of	  428.7M,	  354.2M,	  and	  506.9M	  reads	  from	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  robustum,	  respectively	  (Table	  2.2).	  A	  total	  of	  975M	  reads	  were	  obtained	  from	  stalk	  tissue,	  with	  356.7M	  and	  618.1M	  reads	  for	  S.	  officinarum	  and	  S.	  spontaneum,	  respectively	  (Table	  2.3).	  	  	  We	  found	  a	  total	  of	  1.7M	  SNPs	  among	  the	  27,934	  expressed	  genes	  in	  the	  leaf	  and	  1.1M	  SNPs	  from	  the	  20,441	  expressed	  genes	  in	  the	  stalk	  tissues	  (Table	  2.4).	  Among	  these,	  96%-­‐98%	  were	  biallelic	  and	  2%-­‐3%	  were	  multiallelic	  SNPs.	  Multiallelic	  sites	  were	  more	  prevalent	  in	  stalk	  tissues,	  more	  so	  in	  S.	  officinarum.	  Singleton	  SNPs,	  here	  defined	  as	  SNP	  allele	  found	  in	  a	  single	  individual,	  were	  more	  prevalent	  in	  the	  domesticated	  S.	  officinarum,	  making	  up	  17%	  and	  45%	  of	  the	  discovered	  SNPs	  in	  the	  leaf	  and	  stalk	  transcriptome,	  respectively.	  Whereas,	  singleton	  SNPs	  accounts	  for	  20%	  of	  the	  total	  SNPs	  in	  the	  leaf	  and	  stalk	  tissues	  for	  the	  two	  wild	  species.	  The	  stalk	  transcriptome	  exhibits	  higher	  SNP	  frequency	  than	  the	  leaf	  transcriptome;	  in	  both	  transcriptomes,	  S.	  officinarum	  had	  lower	  number	  of	  SNPs	  per	  Kb	  compared	  to	  the	  wild	  relatives.	  In	  the	  leaf	  transcriptome,	  S.	  officinarum	  had	  an	  average	  of	  32.3	  SNPs	  per	  Kb,	  8%	  lower	  than	  S.	  spontaneum	  and	  S.	  robustum,	  which	  had	  34.9	  and	  35.1	  SNPs	  per	  Kb,	  respectively.	  In	  the	  stalk	  transcriptome,	  S.	  
officinarum	  had	  an	  average	  of	  45.8	  SNPs	  per	  Kb,	  11%	  lower	  than	  S.	  spontaneum,	  which	  had	  52.0	  SNPs	  per	  Kb	  (Tables	  2.2	  and	  2.3).	  
2.3.2 Population	  Structure	  In	  Saccharum	  We	  first	  assessed	  the	  global	  pattern	  of	  genetic	  diversity	  and	  genetic	  structure	  using	  principal	  component	  analyses	  (PCA)	  by	  Smartpca	  of	  the	  Eigonsoft	  package	  (Patterson	  et	  al.,	  2006).	  The	  48	  Saccharum	  accessions	  surveyed	  generally	  clustered	  according	  to	  their	  taxonomic	  grouping,	  then	  sub-­‐clustered	  based	  on	  tissue	  type	  (Figure	  2.2).	  The	  larger	  first	  principal	  component	  (PCA1),	  accounting	  for	  31.6%	  of	  the	  total	  variation,	  suggests	  that	  the	  three	  Saccharum	  species	  were	  distinct	  groups	  with	  the	  domesticated	  S.	  officinarum	  being	  closer	  to	  S.	  robustum	  than	  to	  S.	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spontaneum,	  reflective	  of	  their	  known	  taxonomic	  relationships.	  The	  second	  principal	  component	  (PCA2),	  though	  it	  accounted	  for	  only	  10.6%	  of	  the	  total	  variance,	  explains	  the	  distinct	  variation	  between	  leaf	  and	  stalk	  transcriptomes.	  	  
2.3.3 Population	  Divergence	  And	  Signals	  Of	  Selection	  Saccharum	  	  We	  further	  characterize	  the	  apparent	  population	  structure	  using	  Wright’s	  fixation	  index	  (Fst).	  The	  average	  Fst	  scores	  in	  the	  leaf	  and	  stalk	  transcriptome	  datasets	  were	  0.25	  and	  0.56,	  respectively	  (Figure	  2.3),	  suggesting	  expressed	  transcripts	  in	  the	  stalks	  have	  twice	  as	  much	  allelic	  diversity	  than	  in	  the	  leaf.	  	  Within	  the	  stalk	  transcriptome,	  the	  Fst	  score	  was	  0.69	  and	  0.41	  for	  S.	  officinarum	  and	  S.	  
spontaneum,	  respectively.	  Within	  the	  leaf	  transcriptomes,	  the	  Fst	  was	  lower	  at	  0.21,	  0.40	  and	  0.16	  for	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  robustum,	  respectively	  (Table	  2.5).	  While	  the	  wild	  S.	  spontaneum	  population	  had	  the	  highest	  Fst	  scores	  in	  the	  leaf,	  the	  domesticated	  S.	  officinarum	  showed	  a	  higher	  Fst	  score	  in	  stalk	  transcriptome.	  Taken	  together,	  the	  Fst	  scores	  reveals	  a	  population	  with	  a	  moderate	  to	  high	  degree	  of	  inter	  and	  intra-­‐allelic	  diversity	  (Reich	  et	  al.,	  2009).	  A	  total	  of	  30,716	  (3.5%)	  and	  63,121	  (21%)	  SNP	  loci	  in	  leaf	  and	  stalk	  transcriptomes,	  respectively,	  have	  Fst	  scores	  above	  the	  95%	  percentile,	  most	  of	  which	  are	  the	  100-­‐200	  outlier	  data	  points	  in	  the	  posterior	  probability	  plot	  (Figure	  2.3).	  These	  outlier	  data	  points,	  however,	  have	  the	  probability	  scores	  below	  a	  threshold	  level	  of	  0.5,	  the	  minimum	  threshold	  considered	  as	  significant	  for	  directional	  selection	  (Foll	  and	  Gaggiotti	  2008).	  	  
2.3.4 Allele	  Frequency	  Distribution	  Among	  Saccharum	  Species	  Site	  Frequency	  Spectrum	  (SFS)	  summarizes	  allele	  frequencies	  of	  polymorphisms	  of	  a	  population,	  reflecting	  in	  its	  shape	  the	  effect	  of	  different	  forms	  of	  selections	  acting	  on	  the	  population	  (Siol	  et	  al.,	  2010).	  Individual	  SFS	  plot	  for	  the	  1.7M	  SNPs	  and	  1.1M	  SNPs	  in	  the	  leaf	  and	  stalk	  transcriptomes	  is	  shown	  in	  Figure	  2.4.	  The	  SFS	  plot	  derived	  from	  the	  leaf	  transcriptome	  of	  all	  three	  species	  showed	  identical	  distribution,	  at	  ~20%	  both	  rare	  and	  common	  alleles	  in	  the	  population.	  But	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the	  SFS	  plot	  derived	  from	  the	  stalk	  transcriptome	  showed	  a	  notable	  difference	  between	  the	  domesticated	  S.	  officinarum	  and	  the	  wild	  S.	  spontaneum;	  the	  former	  showed	  a	  significantly	  higher	  number	  of	  rare	  alleles	  than	  major	  alleles	  as	  opposed	  to	  the	  latter.	  In	  the	  stalk	  transcriptome,	  S.	  officinarum	  has	  twice	  as	  many	  SNP	  singletons	  as	  S.	  spontaneum,	  at	  527,454	  and	  238,750,	  respectively.	  However,	  the	  singletons	  exclusive	  to	  S.	  officinarum	  compared	  across	  the	  dataset	  is	  only	  6%	  (29,027	  out	  of	  527,454)	  while	  the	  singletons	  exclusive	  to	  S.	  spontaneum	  is	  85%	  (201,154	  out	  of	  238,750)	  (Table	  2.6).	  In	  other	  words,	  S.	  spontaneum	  carries	  a	  high	  number	  of	  rare	  alleles	  that	  are	  not	  found	  in	  S.	  officinarum.	  This	  is	  reflective	  of	  S.	  
spontaneum’s	  higher	  untapped	  genetic	  diversity	  (Table	  2.5).	  
2.3.5 Allele	  Distribution	  Among	  Genes	  Related	  To	  Domestication	  Traits	  	  	  The	  SFS	  profiling	  suggests	  that	  the	  domesticated	  and	  wild	  Saccharum	  differ	  in	  the	  frequency	  of	  rare	  and	  unique	  mutations	  in	  the	  stalk	  transcriptome.	  The	  29,027	  singleton	  SNPs	  alleles	  found	  only	  in	  S.	  officinarum	  were	  found	  in	  11,897	  genes	  (Table	  2.6).	  An	  investigation	  into	  the	  functional	  category	  of	  these	  genes	  reveals	  enriched	  gene	  ontology	  (GO)	  categories	  (Supek	  et	  al.,	  2011)	  in	  traits	  related	  to	  domestication	  in	  Saccharum.	  We	  found	  significant	  enrichment	  in	  carbohydrate	  metabolism	  and	  transport,	  starch,	  and	  glycoside	  metabolism	  and	  localization	  (Figure	  2.5).	  Indeed,	  when	  we	  surveyed	  the	  sucrose,	  starch	  and	  lignin	  homologs	  we	  previously	  annotated	  in	  sorghum	  (Zhang	  et	  al.,	  2013),	  we	  found	  30	  of	  61	  (49%)	  sucrose	  metabolism	  genes,	  38	  of	  57	  (53%)	  sucrose	  transporter,	  25	  of	  44	  (57%)	  starch	  pathway	  genes,	  and	  13	  of	  36	  (36%)	  lignin	  genes	  carrying	  S.	  officinarum	  specific	  SNPs.	  Although	  by	  comparison	  we	  found	  lower	  incidence	  of	  these	  S.	  
officinarum-­‐specific	  SNPs	  in	  known	  housekeeping	  genes	  (e.g.	  0.05%	  of	  20	  GAPDH’s	  homologs,	  37%	  of	  51	  EF1’s	  homologs),	  the	  proportion	  is	  about	  the	  same	  for	  genes	  deemed	  neutral	  (e.g.	  50%	  of	  18	  carotenoid	  homologs)	  and	  non-­‐neutral	  (42%	  of	  55	  C-­‐4	  gene	  homologs).	  	  	  The	  35,107	  SNPs	  in	  the	  sucrose	  metabolism	  pathway	  were	  distributed	  almost	  exclusively	  as	  singleton	  SNPs	  in	  S.	  spontaneum	  (Figure	  2.6)	  while	  40%	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(5,897)	  of	  the	  SNPs	  in	  the	  sucrose	  metabolism	  pathway	  in	  S.	  officinarum	  were	  singletons,	  the	  remaining	  being	  shared	  by	  a	  quarter	  of	  individuals	  in	  the	  population	  (Table	  2.7).	  The	  same	  trend	  was	  found	  in	  the	  SFS	  profiles	  of	  sucrose	  transporter	  genes	  and	  starch	  metabolism	  (Figures	  2.7	  and	  2.8).	  These	  S.	  officinarum-­‐specific	  SNPs	  carrying	  higher	  density	  of	  5	  or	  more	  of	  these	  SNPs	  alleles	  were	  distributed	  in	  350	  genes	  in	  15	  S.	  officinarum	  accessions.	  A	  GO	  analysis	  of	  these	  genes	  showed	  enrichment	  for	  protein	  phosphorylation,	  phosphorus	  metabolism,	  cell	  recognition	  and	  macromolecule	  modification	  (Figure	  2.9).	  	  
2.4 Discussion	  In	  this	  study,	  we	  present	  a	  population	  genomics	  analysis	  of	  genetic	  variation	  in	  Saccharum	  based	  on	  RNA-­‐seq	  analyses	  in	  a	  large	  number	  of	  individuals	  of	  the	  domesticated	  and	  wild	  species.	  We	  generated	  1.3	  billions	  reads	  from	  the	  leaf	  tissues	  of	  15	  S.	  officinarum,	  15	  S.	  spontaneum	  and	  15	  S.	  robustum	  accessions,	  and	  975	  million	  reads	  from	  the	  stalk	  tissues	  of	  12	  S.	  officinarum	  and	  11	  S.	  spontaneum	  accessions.	  Despite	  the	  variable	  reads	  of	  individual	  libraries,	  the	  percentage	  of	  reads	  that	  aligned	  to	  Sorghum	  genome	  (Phytozome	  version	  9)	  were	  fairly	  consistent;	  the	  average	  percentage	  of	  mapped	  reads	  derived	  from	  leaf	  and	  stalk	  tissues	  is	  69%	  and	  75%,	  respectively.	  	  This	  consistency	  underscores	  the	  sufficiency	  of	  Sorghum	  as	  a	  reference	  genome	  (Wang	  et	  al.,	  2010).	  	  From	  pre-­‐analysis	  screening	  step	  meant	  to	  establish	  filtering	  thresholds,	  we	  were	  able	  to	  determine	  that	  variants	  classified	  as	  singleton	  SNPs	  –	  variant	  alleles	  found	  in	  only	  one	  individual	  –	  have	  a	  high	  false	  positives	  rate	  due	  to	  local	  misalignment	  consequential	  to	  low	  reads	  support.	  At	  the	  same	  time,	  we	  also	  determined	  that	  ~80%	  of	  the	  observed	  SNPs	  loci	  were	  shared	  in	  two	  or	  more	  individuals.	  Thus,	  with	  a	  possible	  trade-­‐off	  of	  overlooking	  legitimate	  singleton	  SNPs	  that	  could	  be	  a	  strong	  measure	  of	  fixed	  population	  differences,	  we	  only	  analyzed	  shared	  SNPs	  discovered	  after	  merging	  reads	  from	  individual	  libraries	  (see	  Methods).	  Merged	  individual	  reads	  provide	  a	  higher	  depth	  of	  coverage	  that	  allowed	  
	  	   33	  
better	  re-­‐alignment	  around	  InDel	  sites,	  resulting	  in	  higher	  confidence	  in	  downstream	  SNP	  discovery	  (Table	  2.4).	  	  As	  aligned	  to	  the	  sorghum	  gene	  model,	  we	  interrogated	  from	  the	  merged	  reads	  27,934	  and	  20,441	  genes	  in	  the	  leaf	  and	  stalk	  transcriptomes,	  from	  which	  we	  discovered	  1.7M	  and	  1.1M	  SNPs,	  respectively.	  Majority	  of	  these	  SNPS	  were	  biallelic	  SNPs	  and	  only	  2%-­‐3%	  multi-­‐allelic	  SNPs	  (Table	  2.4).	  	  The	  high	  percentage	  of	  biallelic	  SNPs	  in	  our	  dataset	  was	  a	  good	  measure	  that	  we	  were	  to	  reliably	  estimate	  genome-­‐wide	  levels	  of	  variations	  for	  our	  study	  (Mariette	  et	  al.,	  2002).	  This	  also	  affirms	  that	  biallelic	  SNPs	  are	  indeed	  the	  more	  abundant	  SNPs	  variants	  even	  in	  autopolyploid	  sugarcane	  (Weising	  et	  al.,	  2005).	  	  In	  polyploid	  genomes	  such	  as	  sugarcane,	  however,	  multi-­‐allelic	  SNPs	  potentially	  carry	  more	  relevant	  information;	  they	  describe	  and	  reflect	  the	  complexity	  of	  genetic	  variation	  and	  allele	  richness	  in	  genomes	  with	  multiple	  sets	  of	  chromosomes	  (Morin	  et	  al.,	  2004).	  However,	  current	  population	  genetics	  analyses	  tools	  are	  unable	  to	  handle	  well	  the	  complex	  algorithm	  consequential	  to	  multi-­‐allelic	  variation	  and	  are	  limited	  to	  analyses	  of	  biallelic	  SNPs	  (Hohenlohe	  et	  al.,	  2010).	  Also,	  about	  a	  quarter	  of	  the	  SNPs	  screened	  in	  the	  merged	  reads	  were	  singleton	  SNPs;	  singleton	  SNPs	  particularly	  prevalent	  in	  the	  domesticated	  S.	  officinarum,	  making	  up	  17%	  and	  45%	  of	  the	  SNPs	  in	  the	  leaf	  and	  stalk	  transcriptomes,	  respectively.	  	  We	  first	  assessed	  the	  SNP	  polymorphism	  based	  on	  SNP	  density.	  SNP	  density	  estimates,	  however,	  are	  correlated	  with	  depth	  of	  coverage,	  requiring	  a	  minimum	  threshold	  level	  to	  be	  a	  sufficiently	  reliable.	  Here	  we	  define	  coverage	  as	  the	  average	  across	  all	  of	  the	  expressed	  genes,	  though	  true	  coverage	  varies	  by	  several	  orders	  of	  magnitude	  on	  the	  individual	  gene	  level,	  depending	  on	  expression.	  The	  stalk-­‐derived	  reads	  were	  less	  variable	  and	  clearly	  show	  that	  at	  higher	  depth	  of	  coverage,	  the	  number	  of	  SNPs	  observed	  is	  less	  a	  function	  of	  number	  of	  reads	  (Figure	  2.1,	  and	  Tables	  2.2	  and	  2.3).	  Assessment	  of	  SNP	  density	  estimates	  at	  varying	  subsets	  of	  depth	  of	  coverage	  showed	  that	  10x	  is	  the	  minimum	  depth	  before	  large	  variations	  in	  the	  mean	  estimates	  were	  observed.	  At	  ~16x	  coverage,	  our	  dataset	  met	  the	  minimum	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average	  read	  coverage	  for	  each	  species	  to	  show	  expected	  SNP	  density	  relative	  to	  each	  other	  (Ferrer	  et	  al.,	  2011).	  	  In	  the	  leaf	  transcriptome,	  S.	  officinarum	  has	  an	  average	  of	  32.3	  SNPs	  per	  kb,	  or	  an	  equivalent	  of	  1	  SNP	  every	  31bp.	  With	  S.	  spontaneum	  and	  S.	  robustum	  having	  1	  SNP	  per	  29bp,	  the	  polymorphism	  in	  the	  leaf	  transcriptomes	  were	  not	  particularly	  contrasting	  between	  species.	  However,	  the	  stalk	  transcriptome	  show	  higher	  polymorphism	  rates.	  	  S.	  officinarum	  has	  1	  SNP	  per	  22bp	  and	  S.	  spontaneum	  has	  1	  SNP	  per	  20bp,	  roughly	  about	  10bp	  more	  frequent	  than	  in	  leaf	  transcriptomes.	  These	  genome-­‐wide	  SNP	  frequency	  estimates	  are	  two	  folds	  higher	  than	  SNP	  polymorphism	  based	  on	  EST	  data	  of	  a	  cultivar	  (1	  for	  50	  bp)	  (Cordeiro	  2006)	  and	  gene	  family	  genes	  (1	  SNP	  per	  72	  to	  108	  bp)	  (Zhang	  et	  al.,	  2013).	  This	  reiterates	  the	  amount	  of	  intra-­‐specific	  genetic	  polymorphism	  present	  within	  each	  Saccharum	  species	  (Aitken	  et	  al.,	  2010),	  and	  elucidated	  here	  for	  the	  first	  time	  at	  the	  population-­‐wide	  scale.	  	  We	  conducted	  several	  population	  genetics	  tests	  to	  characterize	  the	  SNP	  variation	  and	  detect	  signatures	  of	  selection	  and	  genetic	  divergence.	  We	  looked	  at	  population	  structure	  of	  genetic	  variation	  using	  Principal	  Component	  Analysis	  (PCA)	  (Price	  et	  al.,	  2006),	  assessing	  the	  patterns	  of	  genetic	  variability	  and	  polymorphism	  within	  and	  among	  the	  three	  Saccharum	  species.	  We	  then	  probe	  for	  population	  differentiation	  using	  Fst	  test,	  assessing	  the	  frequencies	  of	  shared	  and	  non-­‐shared	  alleles	  between	  and	  within	  species;	  selection	  signal	  was	  noted	  as	  SNP	  loci	  with	  extreme	  Fst	  scores.	  	  PCA	  plot	  confirms	  the	  lower	  allele	  diversity	  present	  in	  the	  cultivated	  S.	  
officinarum	  compared	  to	  its	  wild	  relatives.	  S.	  officinarum	  shows	  a	  more	  narrow	  dispersion	  of	  data	  points	  suggestive	  of	  the	  lower	  within-­‐species	  variation	  whereas	  S.	  
spontaneum	  showed	  a	  wider	  dispersion,	  proportional	  to	  the	  higher	  within-­‐species	  variation.	  S.	  robustum	  showed	  closer	  spatial	  proximity	  to	  S.	  spontaneum,	  affirming	  the	  evolutionary	  relationship	  of	  these	  three	  Saccharum	  species.	  The	  non-­‐overlapping	  distribution	  of	  data	  points	  between	  species	  seems	  to	  suggest	  the	  high	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genetic	  differentiation	  with	  little	  amount	  of	  shared	  genetic	  ancestry	  (Price	  et	  al.,	  2006).	  These	  patterns	  were	  more	  pronounced	  in	  the	  stalk	  transcriptomes,	  suggestive	  of	  a	  higher	  degree	  of	  allelic	  diversity	  than	  the	  leaf	  transcriptome.	  However,	  the	  PCA	  decomposition	  of	  the	  genetic	  diversity	  based	  on	  biallelic	  SNP	  markers	  captured	  less	  than	  half	  (40%)	  of	  the	  total	  genetic	  diversity	  variance,	  underscoring	  the	  complexity	  of	  the	  datasets.	  We	  performed	  separate	  Fst	  tests	  for	  leaf	  and	  stalk	  dataset	  following	  the	  population	  structure	  shown	  by	  PCA	  analysis.	  The	  average	  Fst	  scores	  were	  similar	  to	  outcrossing	  crops	  like	  sorghum	  (Fst=~0.60)	  (Bouchet	  et	  al.,	  2012)	  and	  maize	  (Fst=~80)	  (Vigouroux	  et	  al.,	  2002).	  The	  Fst	  test	  results	  revealed	  that	  the	  allele	  differentiation	  in	  the	  stalk	  (Fst=0.70)	  is	  about	  twice	  as	  much	  in	  leaf	  transcriptome	  (Fst=0.42).	  Within	  the	  stalk	  dataset,	  the	  domesticated	  S.	  officinarum	  showed	  higher	  Fst	  values	  than	  the	  wild	  S.	  spontaneum,	  which	  describes	  higher	  degree	  of	  allele	  frequency	  differentiation	  among	  individuals	  in	  S.	  officinarum	  (Holsinger	  and	  Weir,	  2009).	  
	  However,	  despite	  the	  suggested	  high	  degree	  of	  genetic	  differentiation	  between	  S.	  officinarum	  and	  S.	  spontaneum,	  the	  posterior	  probability	  plot,	  as	  implemented	  by	  Bayescan,	  reveals	  the	  absence	  of	  loci	  with	  significant	  positive	  values	  (P	  >	  0.5;	  akin	  the	  p	  value	  in	  inference	  test).	  This	  highly	  suggests	  the	  absence	  directional	  selection	  (Foll	  and	  Gaggiotti,	  2008)	  (Figure	  2.3).	  In	  other	  words,	  there	  were	  no	  SNP	  loci	  significantly	  higher	  (or	  lower)	  than	  the	  average	  differentiation	  among	  population.	  We	  instead	  determined,	  given	  the	  negative	  alpha	  values	  of	  the	  allele	  loci	  as	  assessed	  by	  Bayescan	  (Foll	  and	  Gaggiotti,	  2008),	  high	  polymorphisms	  that	  are	  homogenous	  in	  each	  population.	  This	  pattern	  indicates	  that	  the	  alleles	  are	  maintained	  in	  polymorphic	  equilibrium,	  a	  strong	  case	  for	  the	  presence	  of	  balancing	  selection	  (Beaumont	  and	  Balding,	  2004).	  	  To	  further	  describe	  the	  allele	  distributions	  regarding	  the	  prevalence	  of	  rare	  alleles,	  common	  alleles,	  or	  heterozygotes	  in	  the	  population	  as	  affected	  by	  selection,	  we	  compared	  the	  site	  frequency	  spectra	  (SFS)	  (Nielsen	  et	  al.,	  2007).	  The	  SFS	  plot	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has	  for	  the	  x-­‐axis	  the	  allele	  frequency	  of	  SNPs	  in	  the	  sample	  and	  the	  y-­‐axis	  representing	  the	  frequency	  in	  the	  data	  of	  each	  respective	  allele	  frequency	  bin.	  In	  a	  population	  with	  i	  individuals,	  there	  will	  be	  2i	  alleles	  studied	  for	  SNP	  frequency	  (Nielsen,	  2005).	  The	  first	  bin	  in	  the	  x-­‐axis	  represents	  the	  frequency	  of	  singletons	  –	  SNPs	  allele	  that	  are	  found	  in	  a	  single	  individual	  in	  the	  population	  and	  the	  frequency	  of	  SNPs	  that	  are	  found	  in	  2i	  -­‐	  1.	  The	  last	  x-­‐axis	  bin	  in	  the	  SFS	  plot	  is	  the	  frequency	  of	  common	  alleles	  –	  alleles	  that	  are	  common	  and	  fixed	  in	  the	  population	  (Nielsen,	  2005).	  	  The	  SFS	  profiles	  of	  the	  three	  species	  in	  the	  leaf	  transcriptome	  were	  identical:	  rare	  and	  common	  alleles	  are	  about	  the	  same	  frequencies	  in	  the	  population	  (Figure	  2.4).	  The	  same	  pattern	  is	  true	  for	  transcripts	  expressed	  in	  the	  stalk	  transcriptomes.	  Except	  for	  S.	  officinarum’s,	  these	  SFS	  profiles	  were	  in	  agreement	  to	  the	  posterior	  probability	  plot	  that	  showed	  higher	  frequency	  of	  heterozygotes	  and	  the	  prevalence	  of	  balancing	  selection.	  	  
S.	  officinarum	  stalk	  transcriptome	  have	  a	  unique	  SFS	  profile	  in	  contrast	  to	  S.	  
spontaneum,	  as	  revealed	  by	  the	  high	  frequency	  of	  singleton	  alleles.	  	  An	  excess	  of	  rare	  alleles	  relative	  to	  common	  alleles	  in	  a	  panmictic	  population	  normally	  indicates	  the	  presence	  of	  purifying	  selection	  (Nielsen,	  2005;	  Hohenlohe	  et	  al.,	  2010).	  However,	  it	  is	  more	  likely	  that	  the	  observed	  singleton	  SNPs	  in	  sugarcane,	  as	  known	  to	  clonally	  propagated	  crops,	  reflects	  the	  independency	  of	  somatic	  mutations	  among	  individuals	  of	  the	  same	  species	  (McKey	  et	  al.,	  2010).	  The	  high	  frequency	  of	  singleton	  SNPs	  in	  the	  evolutionarily	  nascent	  S.	  officinarum	  might	  be	  of	  the	  sum	  total	  of	  accumulated	  polymorphisms	  since	  divergence	  from	  its	  wild	  relatives,	  S.	  spontaneum	  and	  S.	  robustum.	  	  Indeed,	  when	  we	  superimposed	  results	  of	  SNP	  re-­‐screening	  done	  only	  for	  each	  species,	  only	  6%	  of	  the	  original	  singleton	  SNP	  loci	  were	  specific	  to	  S.	  
officinarum.	  The	  remaining	  SNP	  polymorphism	  in	  S.	  officinarum,	  including	  singleton	  SNPs,	  were	  shared	  with	  S.	  spontaneum.	  In	  contrast,	  the	  opposite	  is	  true	  with	  S.	  
spontaneum’s	  singleton	  SNPs:	  majority	  of	  it	  were	  not	  found	  in	  S.	  officinarum.	  The	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29,027	  singleton	  SNPs	  found	  only	  in	  the	  domesticated	  species	  were	  distributed	  in	  11,897	  genes,	  of	  which	  GO	  analysis	  reveals	  enrichment	  in	  the	  sucrose,	  starch	  and	  lignin	  biosynthesis,	  among	  others	  (Figure	  2.5).	  Since	  there	  were	  a	  lower	  incidence	  of	  these	  intra-­‐specific	  SNPs	  being	  found	  among	  known	  housekeeping	  genes,	  we	  surmise	  that	  it	  is	  likely	  that	  these	  singleton	  SNPs	  were	  of	  significant	  importance	  to	  the	  emergence	  of	  the	  domesticated	  sugar-­‐bearing	  S.	  officinarum.	  Whereas	  previously,	  singleton	  SNPs	  were	  routinely	  discarded	  in	  association	  studies	  to	  save	  genotyping	  cost	  because	  they	  do	  not	  have	  surrogates	  to	  represent	  them,	  a	  re-­‐evaluation	  of	  the	  human	  HAPMAP	  dataset	  indicates	  that	  singleton	  SNPs	  were	  of	  higher	  functional	  importance.	  Singleton	  SNPs	  are	  found	  in	  higher	  frequencies	  as	  non-­‐synonymous	  SNPs,	  SNPs	  in	  splicing	  sites	  and	  SNPs	  in	  5’	  and	  3’	  UTR	  (Ke	  et	  al.,	  2008).	  Thus,	  we	  proceeded	  with	  an	  SFS	  profile	  comparison	  of	  the	  sucrose	  and	  starch	  genes	  to	  validate	  our	  hypothesis.	  The	  SFS	  profiles	  for	  genes	  associated	  with	  domesticated	  traits	  sucrose	  and	  starch	  pathway	  shows	  hints	  of	  higher	  frequencies	  of	  heterozygotes	  in	  S.	  officinarum	  and	  its	  wild	  relatives,	  S.	  spontaneum	  and	  S.	  
robustum	  (Figure	  2.7	  and	  2.8).	  In	  S.	  spontaneum,	  the	  35,107	  SNPs	  in	  the	  sucrose	  metabolism	  pathway	  were	  distributed	  almost	  exclusively	  as	  singleton	  SNPs	  (Figure	  2.6).	  Of	  these,	  31,836	  (91%)	  were	  unique	  to	  S.	  spontaneum	  –	  a	  testimony	  to	  the	  heterozygosity	  of	  the	  species.	  In	  contrast,	  40%	  (5,897)	  of	  the	  SNPs	  in	  the	  sucrose	  metabolism	  pathway	  in	  S.	  officinarum	  were	  singletons,	  the	  remaining	  being	  shared	  by	  a	  quarter	  of	  individuals	  in	  the	  population,	  perhaps	  maintained	  as	  heterozygote	  form	  (Table	  2.7).	  	  Surprisingly,	  the	  SFS	  profiles	  of	  sucrose	  transporter	  genes	  and	  starch	  metabolism	  showed	  the	  same	  trend	  (Figures	  2.7	  and	  2.8):	  majority	  of	  the	  sucrose	  and	  starch	  SNPs	  in	  the	  wild	  species	  were	  distributed	  as	  singletons,	  whereas	  in	  the	  domesticated	  species	  -­‐	  half	  are	  singletons	  and	  the	  rest	  are	  shared	  in	  about	  a	  quarter	  of	  individuals	  in	  the	  population.	  These	  S.	  officinarum-­‐specific	  SNPs	  were	  not	  distributed	  evenly	  among	  domestication-­‐related	  genes.	  There	  were	  about	  350	  genes	  carrying	  higher	  density	  of	  5	  or	  more	  of	  these	  SNPs	  alleles	  in	  15	  S.	  officinarum	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accessions.	  A	  GO	  analysis	  of	  these	  genes	  showed	  enrichment	  for	  protein	  phosphorylation,	  phosphorus	  metabolism,	  cell	  recognition	  and	  macromolecule	  modification	  (Figure	  2.9).	  These	  functional	  categories,	  while	  certainly	  very	  broad,	  describes	  the	  general	  biological	  pathways	  and	  functions	  most	  differentiating	  between	  the	  domesticated	  and	  wild	  Saccharum	  expressed	  genes.	  Nonetheless,	  these	  highly	  suggest	  enrichment	  in	  sucrose	  and	  starch	  related	  alleles	  during	  domestication.	  While	  majority	  of	  the	  29,027	  singleton	  SNP	  alleles	  of	  the	  domesticated	  S.	  
officinarum	  are	  expected	  to	  be	  rare	  and	  neutral	  alleles,	  a	  proportion	  would	  bear	  the	  signals	  of	  domestication	  or	  natural	  selection	  (Nielsen,	  2005;	  Hohenlohe	  et	  al.,	  2010;	  (Yamasaki	  et	  al.,	  2005;	  Wright	  et	  al.,	  2005).	  However,	  S.	  officinarum	  showed	  no	  significant	  results	  in	  test	  of	  selection	  (Tajima’s	  D),	  but	  revealed	  instead	  a	  high	  degree	  of	  Fst	  value	  and	  nucleotide	  diversity.	  This	  is	  results	  were	  true	  even	  for	  candidate	  domestication	  genes	  sets	  carrying	  the	  singleton	  SNP	  alleles	  present	  only	  in	  S.	  officinarum	  (Figure	  2.10).	  In	  short,	  we	  did	  not	  detect	  significant	  loss	  of	  genetic	  diversity	  among	  our	  candidate	  genes	  in	  the	  domesticated	  species	  relative	  to	  the	  wild	  species,	  as	  was	  demonstrated	  successfully	  used	  in	  genome	  scans	  for	  domestication	  maize	  (Yamasaki	  et	  al.,	  2005;	  Wright	  et	  al.,	  2005).	  
2.5 Conclusion	  	  Here	  we	  analyzed	  the	  genetic	  diversity	  and	  investigated	  for	  evidence	  of	  selection	  in	  the	  domesticated	  S.	  officinarum	  and	  wild	  Saccharum	  species,	  S.	  
spontaneum	  and	  S.	  robustum.	  We	  have	  shown	  that	  in	  a	  population	  like	  Saccharum	  where	  each	  individual	  is	  an	  independent,	  highly	  polyploid,	  heterozygous	  unit,	  a	  fixed	  allele	  in	  the	  population	  is	  rarely	  found.	  However,	  there	  is	  no	  prevalence	  of	  rare	  alleles	  either	  that	  would	  account	  for	  a	  large	  number	  of	  neutral	  mutations,	  as	  would	  be	  expected	  of	  a	  randomly	  mating	  population.	  Instead,	  Saccharum	  is	  characterized	  by	  the	  prevalence	  of	  intermediate-­‐frequency	  alleles	  in	  the	  context	  of	  a	  predominantly	  asexual	  reproduction	  background.	  Classical	  tests	  in	  population	  genetics	  fail	  to	  detect	  signals	  of	  selection	  commensurate	  to	  the	  pattern	  of	  the	  site	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frequency	  spectrum	  distribution	  because	  allelic	  heterogeneity	  or	  heterozygosity	  is	  fixed	  in	  each	  individual	  and	  can	  never	  be	  fixed	  in	  the	  population	  (Balloux	  et	  al.,	  2003).	  Nonetheless,	  the	  results	  of	  our	  study	  showed	  contrasting	  allele	  distribution	  as	  well	  as	  per-­‐site	  heterozygosity	  levels	  between	  the	  domesticated	  S.	  officinarum	  and	  the	  wild	  species	  S.	  spontaneum	  and	  S.	  robustum.	  Genes	  associated	  with	  sucrose	  accumulation,	  a	  unique	  trait	  associated	  with	  the	  cultivated	  S.	  officinarum	  (Aitken,	  2010),	  had	  an	  excess	  of	  rare	  alleles	  in	  the	  wild	  species	  but	  showed	  higher	  per-­‐site	  heterozygosity	  (pairwise	  average	  per	  site	  nucleotide	  differences	  between	  individuals)	  in	  the	  domesticated	  species	  S.	  officinarum.	  Domestication	  in	  Saccharum	  is	  highly	  likely	  associated	  with	  the	  spread	  of	  a	  few	  new	  alleles	  maintained	  at	  a	  heterozygous	  state	  at	  each	  single	  locus	  but	  a	  lower	  number	  of	  haplotype	  combinations,	  as	  was	  found	  in	  Manihot	  esculenta,	  another	  predominantly	  clonally	  propagated	  domesticated	  crop	  (McKey	  et	  al.,	  2010).	  Our	  observation	  that	  immature	  internode	  tissues	  have	  a	  higher	  number	  of	  differentially	  expressed	  homologous	  gene	  (Chapter	  3	  of	  this	  dissertation),	  supports	  the	  base	  for	  the	  action	  of	  diplontic	  selection	  in	  the	  emergence	  of	  the	  domestication	  
S.	  officinarum.	  Through	  diplontic	  selection,	  meristematic	  cell	  lines	  that	  bear	  advantageous	  mutations,	  possibly	  related	  to	  sucrose	  accumulation,	  outcompetes	  and	  replace	  other	  cell	  lineages,	  preventing	  the	  accumulation	  of	  deleterious	  mutations	  and	  at	  the	  same	  time,	  with	  the	  independent	  mutation	  and	  growth	  rate	  among	  individuals,	  perpetuates	  a	  genetically	  heterogeneous	  clonal	  descendants	  (McKey	  et	  al.,	  2010).	  	  Thus,	  unlike	  a	  panmictic	  population,	  there	  is	  no	  apparent	  loss	  of	  genetic	  diversity	  of	  these	  domestication	  genes.	  If	  any,	  there	  is	  an	  increase	  in	  the	  frequency	  of	  per	  site	  heterozygosity	  in	  the	  domesticated	  genes.	  However,	  without	  a	  robust	  reference	  genome	  that	  can	  further	  tease	  out	  the	  difference	  between	  the	  ancestral	  allele	  and	  new	  mutations,	  as	  well	  as	  a	  way	  to	  characterize	  non-­‐synonymous	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mutations	  in	  the	  aforementioned	  candidate	  genes	  of	  domestication,	  it	  is	  difficult	  to	  further	  probe	  the	  degree	  and	  nature	  of	  selection	  and	  domestication	  in	  Saccharum.	  The	  sets	  of	  genes	  we	  identified	  as	  targets	  of	  domestication	  in	  sugarcane	  were	  not	  intended	  to	  be	  comprehensive	  and	  final.	  Genome-­‐wide	  scans	  in	  detecting	  domestication	  bottleneck,	  while	  successful	  in	  maize	  (Wright	  et	  al.,	  2005,	  Yamasaki	  et	  al.,	  2005),	  needs	  an	  appropriate	  null	  model	  to	  be	  effective	  that	  accounts	  various	  population-­‐level	  phenomena	  specific	  to	  a	  particular	  crop	  as	  was	  found	  in	  sorghum	  (Hamblin	  et	  al.,	  2006).	  We	  have	  shown	  that	  formal	  population	  genetics	  test	  cannot	  fully	  resolve	  the	  dynamics	  of	  a	  clonally	  propagated	  and	  autopolyploid	  species	  (Balloux	  et	  al.,	  2003;	  Fregene	  et	  al.,	  2003;	  Jakse	  et	  al.,	  2001).	  The	  candidate	  domestication	  genes	  derived	  from	  a	  series	  of	  selection	  tests	  in	  this	  study	  serve	  as	  a	  foundation	  for	  exploring	  domestication	  mechanism	  in	  Saccharum.	  	  
2.6 Materials	  and	  Methods	  
2.6.1 Plant	  Materials	  And	  Sequencing	  Stalk	  and	  leaf	  tissues	  from	  a	  total	  of	  48	  accessions	  (15	  S.	  officinarum,	  18	  S.	  
spontaneum,	  and	  15	  S.	  robustum)	  were	  collected	  for	  RNA-­‐seq	  analyses.	  The	  name	  and	  chromosome	  number	  of	  these	  accessions	  are	  listed	  in	  Table	  2.1.	  Total	  RNA	  was	  extracted	  using	  the	  Trizol	  method	  and	  then	  subject	  to	  individual	  RNA-­‐seq	  library	  construction	  using	  Trusses	  RNA	  sample	  preparation	  kit	  (Illumina,	  Inc.	  San	  Diego,	  CA).	  Six	  libraries	  per	  lane	  were	  pooled	  for	  single	  end	  100nt	  sequencing	  using	  Illumina	  HiSeq	  2000	  (W.	  M.	  Keck	  Center	  for	  Comparative	  and	  Functional	  Genomics,	  University	  of	  Illinois,	  Urbana-­‐Champaign).	  The	  representative	  Saccharum	  accessions	  used	  in	  this	  study	  were	  obtained	  from	  germplasm	  collections	  at	  U.S.	  sugarcane	  breeding	  stations	  and	  research	  institutions	  (Table	  2.1).	  The	  15	  S.	  officinarum	  accessions	  were	  from	  the	  germplasm	  collection	  of	  the	  Hawaii	  Agricultural	  Research	  Center	  (HARC),	  Kunia,	  Hawaii.	  These	  
S.	  officinarum	  accessions	  have	  a	  karyotype	  of	  2n=80,	  consistent	  with	  the	  accepted	  definition	  of	  the	  domesticated	  members	  of	  the	  species	  (Irvine,	  1999).	  While	  we	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sampled	  15	  S.	  officinarum	  accessions	  for	  leaf	  transcriptome	  analysis,	  we	  sampled	  only	  12	  for	  the	  stalk.	  The	  15	  S.	  robustum	  accessions	  were	  from	  the	  germplasm	  collection	  of	  the	  Texas	  A&M	  Agrilife	  Research	  and	  Extension	  Center,	  Weslaco,	  Texas.	  These	  accessions	  were	  an	  invaluable	  source	  for	  abiotic,	  disease	  resistance	  and	  high-­‐fiber	  traits.	  	  While	  we	  genotyped	  17	  S.	  spontaneum	  accessions	  in	  total,	  15	  and	  11	  S.	  
spontaneum	  accessions	  were	  sampled	  for	  leaf	  and	  stalk	  tissues,	  respectively.	  The	  S.	  
spontaneum	  clones	  were	  obtained	  from	  USDA-­‐Agricultural	  Research	  Service,	  Houma,	  Louisiana,	  and	  Hawaii	  Agriculture	  Research	  Center.	  These	  accessions	  are	  classified	  as	  noxious	  weeds	  and	  thus	  are	  grown	  in	  cement	  pots.	  These	  are	  actively	  used	  for	  the	  base-­‐broadening	  program	  as	  well	  as	  the	  development	  of	  high-­‐biomass	  energy	  cane.	  
2.6.2 RNA-­‐Seq	  Library	  Construction	  and	  Read	  Mapping	  Illumina	  reads	  were	  processed	  for	  variant	  and	  SNPs	  discovery	  following	  the	  best-­‐practice	  recommendations	  workflow	  of	  the	  1000	  Genomes	  Project	  (Van	  der	  Auwera	  et	  al.,	  2002,	  McKenna	  et	  al.,	  2010).	  Briefly,	  the	  resulting	  raw	  reads	  were	  cleaned	  for	  adaptor	  sequences	  and	  low	  Phred	  scores	  (Qval	  <	  15)	  before	  aligned	  to	  the	  sorghum	  gene	  models	  ver	  1.4	  downloaded	  from	  Phytozome	  ver	  9	  (Paterson	  et	  al.,	  2009,	  Goodstein	  et	  al.,	  2012)	  using	  Novoalign	  software	  (Novocraft	  Technologies;	  www.novocraft.com).	  The	  alignment	  settings	  (-­‐t	  option)	  were	  adjusted	  to	  accommodate	  3-­‐5	  bp	  mismatch	  (Wijaya	  et	  al.,	  2009)	  corresponding	  to	  the	  95%	  sequence	  similarity	  between	  sugarcane	  and	  sorghum	  in	  the	  genic	  regions	  (Wang	  et	  al.,	  2010).	  	  The	  aligned	  reads	  were	  cleaned	  for	  duplicate	  reads	  and	  then	  merged	  as	  a	  single	  compressed	  binary	  (.bam)	  file,	  one	  for	  leaf	  and	  another	  for	  stalk	  transcriptomes	  dataset.	  Based	  on	  the	  substantially	  higher	  depth	  of	  coverage	  of	  merged	  reads,	  several	  rounds	  of	  realignment	  and	  recalibration	  were	  done	  in	  the	  poorly	  mapped	  sites.	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Unified	  genotyper	  of	  genome	  analysis	  tool	  kit	  (GATK)	  software	  (McKenna	  et	  al.,	  2010)	  was	  employed	  to	  handle	  the	  polyploid	  nature	  of	  our	  dataset	  (i.e.	  we	  set	  the	  maximum	  number	  of	  SNP	  alleles	  to	  12)	  during	  the	  process	  of	  variant	  detection.	  
2.6.3 Population	  Genetics	  Analyses	  To	  investigate	  the	  genes	  bearing	  signal	  of	  selection,	  three	  population	  genetics	  statistics	  were	  performed:	  fixation	  index	  (Fst),	  nucleotide	  diversity	  (pi)	  and	  Tajima’s	  D	  values.	  Smart-­‐PCA	  module	  of	  the	  Eigensoft	  3.0	  package	  (Price	  et	  al.,	  2006)	  was	  used	  to	  assess	  the	  population	  structure	  through	  Principal	  Component	  Analysis	  (PCA),	  which	  incorporates	  a	  robust	  algorithm	  in	  apportioning	  variations	  associated	  to	  allele	  ancestry	  differences	  in	  detecting	  associations	  and	  contrast	  among	  alleles.	  Fst	  index	  using	  BayeScan	  (Foll	  and	  Gaggiotti,	  2008)	  was	  also	  performed	  to	  detect	  SNP	  loci	  that	  have	  significantly	  high	  departures	  from	  HWE	  equilibrium	  given	  the	  population	  subdivision.	  Bayescan	  imposes	  a	  probabilistic	  approach	  in	  discriminating	  allelic	  frequency	  pattern	  within	  and	  between	  population	  separate	  from	  drift	  and	  migration	  effect	  (Foll	  and	  Gaggiotti,	  2008,	  Fischer	  et	  al.,	  2011).	  Site	  frequency	  spectrum	  (SFS)	  pattern	  of	  each	  population	  was	  evaluated	  by	  using	  ANGSD	  (Nielsen	  et	  al.,	  2012)	  to	  get	  an	  overview	  selection	  relative	  to	  neutrality	  (Ronen	  et	  al.,	  2013).	  For	  gene-­‐by-­‐gene	  heterozygosity	  levels,	  nucleotide	  diversity	  (pi)	  was	  measured	  and	  then	  manually	  scrutinized	  for	  dramatic	  contrast	  in	  gene	  diversity	  for	  each	  Saccharum	  population.	  Nucleotide	  diversity	  is	  reflective	  for	  the	  level	  of	  heterozygosity	  because	  it	  is	  the	  average	  allelic	  differences	  between	  any	  genes	  in	  a	  population	  (Nei	  and	  Li,	  1976).	  In	  this	  context,	  polymorphism	  that	  is	  measured	  by	  Watterson’s	  theta	  (Watterson,	  1975),	  represents	  is	  the	  number	  of	  segregating	  sites	  between	  any	  pair	  in	  a	  population.	  Tajima’s	  D	  measures	  the	  discrepancy	  of	  heterozygosity	  (pi)	  and	  polymorphism	  (theta)	  as	  an	  index	  of	  departure	  from	  the	  null	  model	  of	  neutral	  theory	  (i.e.	  absence	  of	  selection).	  VCFtools	  (Danecek	  et	  al.,	  2011)	  and	  ANGSD	  (Nielsen	  et	  al.,	  2012)	  were	  used	  to	  compute	  for	  the	  aforementioned	  tests.	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2.8 Figures	  	  	  Figure	  2.1a)	  
	  	  Figure	  2.1b)	  
	  
Figure	   2.1:	   Read	   alignment	   and	   pre-­‐variant	   calling	   statistics.	   a)	   Relationship	   of	  aligned	  reads,	  read	  depth	  and	  SNP	  density	  in	  leaf.	  b)	  Relationship	  of	  aligned	  reads,	  read	   depth	   and	   SNP	   density	   in	   stalk	   c.)	   Read	   quality	   scores	   distribution	   after	  standard	  data	  quality	  check	  and	  filtering.	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Figure	  2.1c)	  
	  
Figure	  2.1:	  (continued).	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Figure	  2.2:	  Principal	  component	  analysis	  (PCA)	  of	  S.	  officinarum,	  S.	  spontaneum,	  S.	  
robustum	  using	  leaf	  and	  stalk	  derived	  SNPs.	  Data	  points	  were	  clustered	  according	  to	  taxonomic	  grouping	  and	  tissue	  type.	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Figure	  2.3a)	  
	  Figure	  2.3b)	  
	  
Figure	  2.3:	  Posterior	  probability	  plot	  of	  SNP	  alleles.	  a.)	  Mean	  Fst	   is	  0.25	  from	  leaf	  transcriptome	  b.)	  Mean	  Fst	  is	  0.56	  from	  stalk	  transcriptome.	  Both	  plots	  do	  not	  cross	  an	  acceptable	  significance	  level	  log10(q-­‐value)	  >	  0.5	  in	  the	  x-­‐axis.	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Figure	   2.4:	   Site-­‐frequency	   spectrum	   (SFS)	   of	   bi-­‐allelic	   SNPs	   in	   leaf	   and	   stalk	  transcriptomes	  of	  S.	  officinarum,	  S.	  spontaneum,	  and	  S.	  robustum.	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Figure	   2.5:	   GO	   annotation	   of	   the	   top	  200	   genes	  with	   SNP	   alleles	   found	  only	   to	  S.	  
officinarum	   stalk	   transcriptome.	  Data	   point	   size	   is	   a	   log10	   (p-­‐value)	   of	   number	   of	  term	  hits	  per	  GO	  category.	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Figure	   2.6:	   Site	   frequency	   spectrum	   (SFS)	   plot	   of	   sucrose	   genes	   in	   S.	  officinarum	  and	  S.	  spontaneum	  stalk	  transcriptomes.	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Figure	   2.7:	   Site	   frequency	   spectrum	   (SFS)	   plot	   of	   sucrose	   transporter	   genes	   in	  S.	  
officinarum-­‐	  and	  S.	  spontaneum	  stalk	  transcriptomes.	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Figure	   2.8:	   Site	   frequency	   spectrum	   (SFS)	   plot	   of	   sucrose	   transporter	   genes	   in	  S.	  
officinarum	  and	  S.	  spontaneum	  stalk	  transcriptomes.	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Figure	  2.9:	  GO	  classification	  of	  genes	  with	  high-­‐density	  SNPs	  allele	  found	  only	  in	  S.	  
officinarum.	   Data	   point	   size	   is	   a	   log10	   (p-­‐value)	   of	   number	   of	   term	   hits	   per	   GO	  category.	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Figure	  2.10:	  Diversity	  profile	  of	  genes	  with	  high	  incidence	  of	  alleles	  found	  only	  in	  S.	  
officinarum.	   Both	   nucleotide	   diversity	   (pi)	   and	   signals	   of	   selection	   (Tajima’s	   D)	  showed	   similar	   mean	   values	   and	   thus	   no	   appreciable	   differences	   between	   S.	  
officinarum	  and	  S.	  spontaneum.	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2.9 Tables	  
Table	  2.1:	  Saccharum	  accessions	  and	  their	  reported	  chromosome	  number.	  
Species	   Accession	  	   Chr.	  No.	   pg/2C	  
S.
	  o
ffi
ci
na
ru
m
	   Akoki	   80	   8.27	  Halalii	   80	   8.13	  HC63	   80	   8.74	  Honuaula	   80	   8.21	  LA	  Purple	   80	   7.83	  Laukona	   80	   7.67	  Lauloa	   80	   8.28	  Lehu	   80	   8.56	  Mahaiula	   80	   7.74	  Manulele	   80	   7.89	  Moano	   80	   8.05	  Pakaweli	   80	   8.13	  Uahiapele	   80	   7.68	  Waiohia	   80	   7.82	  Yellow	  Caledonia	   80	   7.85	  
S.
	  sp
on
ta
ne
um
	   DACCA	   	   	  DJANTOERII	   	   	  DJATIROTO	   	   	  OKINAWA#13	   	   	  PCANOR84-­‐04	   	   	  SES113A	   48	   7.85	  SES186	   52	   6.55	  SES234	   64	   8.89	  SES239/43	   72	   7.31	  SES561	   128	   7.54	  SPONT#11	   	   	  Spont17	   48	   5.36	  Tainan	   96	   10.13	  US56-­‐14-­‐4	   80	   7.49	  US56-­‐15-­‐8	   80	   6.81	  SES208	   64	   6.89	  IM76-­‐232	   	   	  IS76-­‐184	   	   	  
S.
	  ro
bu
st
um
	   IJ76-­‐482	   	   	  IJ76-­‐496	   	   	  IJ76-­‐547	   	   	  IM72-­‐232	   	   	  IM76-­‐228	   	   	  IM76-­‐232	   	   	  IN84-­‐45	   	   	  IN84-­‐52	   	   	  IN87-­‐50	   	   	  IS76-­‐184	   	   	  MOL5573	   	   	  MOL6081	   	   	  NG57-­‐12	   	   	  NG57-­‐24	   	   	  MOL6136	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Table	   2.2:	   Alignment	   statistics,	   depth	   of	   coverage	   and	   SNP	   density	   of	   leaf	  transcriptome	  of	  each	  Saccharum	  species.	  
	   Accession	  
Raw	  
reads	  
(M)	  
Aligned	  
Reads	  (M)	  
Aligned	  
Reads	  (%)	  
Depth	  of	  
Coverage	  /	  
Gene	  
SNP	  
Density	  /	  
Kb	  
S.
	  o
ffi
ci
na
ru
m
	   Akoki	   64.1	   46.3	   72%	   10.89	   33	  Halalii	   1.6	   1.3	   81%	   22.49	   39	  HC63	   36.1	   21.7	   60%	   7.2	   23	  Honuaula	   20.9	   15.6	   75%	   9.06	   21	  LA	  Purple	   77.2	   60.6	   78%	   33.47	   41	  Laukona	   56.4	   41.1	   73%	   18.54	   40	  Lauloa	   9.5	   7.1	   75%	   28.99	   34	  Lehu	   15.9	   10.2	   64%	   24.92	   40	  Mahaiula	   38.3	   26.4	   69%	   16.29	   25	  Manulele	   38.4	   26.3	   68%	   24.87	   27	  Moano	   20.9	   15.6	   75%	   9.06	   18	  Pakaweli	   18.2	   13.9	   76%	   6.21	   24	  Uahiapele	   9.3	   6.9	   74%	   22.05	   39	  Waiohia	   3.9	   2.9	   74%	   49.16	   43	  Yellow	  Caledonia	   18	   13.4	   74%	   49.21	   37	  
Total	   428.7	   324.30	   76%	   µ	  =	  22.16	   µ	  =	  32.26	  	   	   	   	   	   	   	  
S.
	  sp
on
ta
ne
um
	   DACCA	   16.3	   7.3	   45%	   12.28	   41	  DJANTOERII	   23.2	   16.6	   72%	   5.99	   11	  DJATIROTO	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  OKINAWA#13	   15.9	   11.4	   72%	   15.66	   47	  PCANOR84-­‐04	   41.1	   31.5	   77%	   42.78	   50	  SES113A	   18.2	   10.6	   58%	   11.81	   24	  SES186	   20.7	   15.8	   76%	   14.85	   43	  SES234	   20.1	   13.1	   65%	   15.17	   47	  SES239/43	   17.1	   12.7	   74%	   6.29	   12	  SES561	   18.8	   14.7	   78%	   10.79	   17	  SPONT#11	   24.6	   18.7	   76%	   29.05	   40	  Spont17	   26.7	   21.9	   82%	   9.2	   47	  Tainan	   36.54	   21.1	   58%	   5.21	   23	  US56-­‐14-­‐4	   49.1	   38	   77%	   39.09	   54	  US56-­‐15-­‐8	   9.8	   7.2	   73%	   8.6	   32	  SES208	   16.1	   12.1	   75%	   19.04	   35	  IM76-­‐232	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  IS76-­‐184	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  	   Total	   354.2	   252.7	   71%	   µ	  =	  16.39	   µ	  =	  34.86	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Table	  2.2:	  (continued).	  
	   Accession	  
Raw	  
reads	  
(M)	  
Aligned	  
Reads	  (M)	  
Aligned	  
Reads	  (%)	  
Depth	  of	  
Coverage	  /	  
Gene	  
SNP	  
Density	  /	  
Kb	  
S.
	  ro
bu
st
um
	   IJ76-­‐482	   37.8	   22	   58%	   5.49	   17	  IJ76-­‐496	   34.7	   21.1	   61%	   41.61	   45	  IJ76-­‐547	   30.1	   17.9	   59%	   22.49	   24	  IM72-­‐232	   35.3	   20.6	   58%	   42.78	   37	  IM76-­‐228	   40.2	   25.2	   63%	   45.74	   55	  IM76-­‐232	   35.9	   22.2	   62%	   38.3	   37	  IN84-­‐45	   37.7	   22.8	   60%	   47.2	   29	  IN84-­‐52	   35.2	   21.6	   61%	   43.13	   30	  IN87-­‐50	   24.5	   14.9	   61%	   29.61	   31	  IS76-­‐184	   36.5	   21.1	   58%	   39.09	   32	  MOL5573	   37	   21.3	   58%	   42.19	   48	  MOL6081	   36.7	   22.6	   62%	   46.05	   40	  NG57-­‐12	   37.6	   22.6	   60%	   21.6	   35	  NG57-­‐24	   30.4	   17.8	   59%	   36.66	   36	  MOL6136	   17.3	   12.4	   72%	   15.35	   30	  
Total	   506.9	   306.1	   60%	   µ	  =	  34.49	   µ	  =	  35.06	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Table	   2.3:	   Alignment	   statistics,	   depth	   of	   coverage	   and	   SNP	   density	   of	   stalk	  transcriptome	  from	  S.	  officinarum	  and	  S.	  spontaneum.	  
	   Accession	  
Raw	  
reads	  
(M)	  
Aligned	  
Reads	  (M)	  
Aligned	  
Reads	  (%)	  
Depth	  of	  
Coverage	  /	  
Gene	  
SNP	  
Density	  /	  
Kb	  
S.
	  o
ffi
ci
na
ru
m
	   Akoki	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  Halalii	   24.3	   19.1	   78%	   28.6	   42	  HC63	   35.2	   26.7	   76%	   29.9	   49	  Honuaula	   25.8	   20.3	   79%	   29.7	   49	  LA	  Purple	   23.6	   21.5	   91%	   29.2	   44	  Laukona	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  Lauloa	   26.8	   21.3	   80%	   26.1	   48	  Lehu	   28.2	   21.7	   77%	   22.4	   47	  Mahaiula	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  Manulele	   28.0	   21.5	   77%	   32.6	   43	  Moano	   23.8	   18.4	   77%	   31.5	   47	  Pakaweli	   25.9	   19.7	   76%	   31.4	   50	  Uahiapele	   22.4	   17.1	   76%	   30.9	   41	  Waiohia	   20.3	   15.7	   77%	   28.1	   46	  Yellow	  Caledonia	   19.9	   15.5	   78%	   27.5	   44	  
Total	   356.7	   279.4	   	  	  	  	  	  	  	  	  	  	  	  	  78%	   µ	  =	  29.0	   µ	  =	  45.83	  	   	   	   	   	   	   	  
S.
	  sp
on
ta
ne
um
	   DACCA	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  DJANTOERII	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  DJATIROTO	   60.3	   27.6	   79%	   -­‐	   50	  OKINAWA#13	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  PCANOR84-­‐04	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  SES113A	   37.6	   24.9	   66%	   16.1	   45	  SES186	   65.6	   43.4	   66%	   22.1	   53	  SES234	   40.5	   30.2	   74%	   24.5	   50	  SES239/43	   76.2	   55.9	   74%	   27.6	   50	  SES561	   53.3	   39.8	   75%	   27.5	   55	  SPONT#11	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  Spont17	   65.7	   49.3	   75%	   30.8	   54	  Tainan	   51.2	   40.3	   78%	   22.4	   52	  US56-­‐14-­‐4	   -­‐	   -­‐	   -­‐	   -­‐	   53	  US56-­‐15-­‐8	   42.7	   33.2	   77%	   24.7	   55	  SES208	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	  IM76-­‐232	   26.1	   20.3	   78%	   20.5	   51	  IS76-­‐184	   45.6	   36	   79%	   19.8	   55	  	   	   	   	   	   	  
Total	   618.1	   440.7	   	  	  	  	  	  	  	  	  	  	  	  	  75%	   µ	  =	  23.9	   µ	  =	  51.9	  Stalks	  were	  not	  sampled	  from	  S.	  robustum.	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Table	  2.4:	  SNP	  profiles	  detected	  in	  the	  leaf	  and	  stalk	  transcriptomes.	  	  
	  
	  
	  
#	  of	  Expressed	  
Genes	   	   #	  of	  SNPs*	  
Specie
s	  
	   #	  
In
d	  
Unmerge
d	  Lib	  
Merge
d	  Lib	  
Raw	  
SNPs	   Total	   Biallelic	  
Multiallel
ic	  
Singleto
n	  
S.	  officinarum	  	   leaf	   15	   26,315	   27,934	   1,984,372	   1,741,380	   1,692,397	  (97%)	   48,983	  (3%)	   302,817	  (17%)	  	   stalk	   12	   25,210	   20,441	   1,373,705	   1,166,306	   1,140,375	  (98%)	   25,931	  (2%)	   527,454	  (45%)	  
	   	   	   	   	   	   	   	   	   	  
S.	  spontaneum	  	   leaf	   15	   27,458	   27,934	   2,138,254	   1,741,380	   1,692,397	  (97%)	   48,983	  (3%)	   351,561	  (20%)	  	   stalk	   11	   26,270	   20,441	   1,980,245	   1,166,306	   1,140.375	  (98%)	   25,931	  (2%)	   238,750	  (20%)	  
	   	   	   	   	   	   	   	   	   	  
S.	  robustum	  	   leaf	   15	   25,580	   27,934	   2,098,566	   1,741,380	   1,692,397	  (97%)	   48,983	  (3%)	   358,059	  (21%)	  	  *Singleton	  SNPs	  are	  SNP	  alleles	  found	  in	  a	  single	  individual	  in	  a	  population;	  biallelic	  SNPs	  have	  two	  allele	  variants	  while	  multi-­‐allelic	  SNPs	  have	  more	  than	  two	  allele	  variants	  in	  a	  population	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Table	  2.5:	  Fst	  scores	  and	  nucleotide	  diversity	  (pi)	  in	  leaf	  and	  stalk	  transcriptomes	  of	  the	  three	  Saccharum	  species.	  
	   Tissue	   SNP	  sites	   Average	  Fst	   Nucleotide	  Diversity	  
S.	  officinarum	   leaf	   1,741,380	   0.21	   0.65	  	   stalk	   1,166,306	   0.70	   0.75	  	   	   	   	   	  
S.	  spontaneum	   leaf	   1,741,380	   0.40	   0.89	  	   stalk	   1,166,306	   0.42	   0.75	  	   	   	   	   	  
S.	  robustum	   leaf	   1,741,380	   0.16	   0.89	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Table	  2.6:	  Characteristics	  of	  SNPs	  in	  the	  stalk	  transcriptome.	  
Species	  
#	  of	  
genes	  
#	  of	  singletons	  (%	  
from	  total	  SNPs)	  
#	  of	  unique	  
singleton	  per	  
species	  	  
#	  of	  genes	  with	  
singletons	  
S.	  officinarum	   19,096	   527,454	  (45%)	   29,027	   11,897	  	   	   	   	   	  
S.	  spontaneum	   19,535	   238,750	  (20%)	   201,154	   17,	  094	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Table	  2.7:	  Profile	  of	  SNPs	  associated	  with	  sucrose	  and	  starch	  metabolic	  pathway	  in	  the	  stalk.	  
	  
Total	  SNPs	  
Species	  
specific	  
SNPs	   Singletons	  Sucrose	  pathway	  (61	  genes)	  
S.	  officinarum	   5,897	   2,626	   4,253	  
S.	  spontaneum	   35,107	   31,836	   34,405	  	   	   	   	  Sucrose	  transporters	  (57	  genes)	  
S.	  officinarum	   3,125	   1,794	   986	  
S.	  spontaneum	   19,876	   18,545	   18,305	  	   	   	   	  Starch	  pathway	  (44	  genes)	  
S.	  officinarum	   1,869	   1,069	   790	  
S.	  spontaneum	   22,568	   21,768	   2,216	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3 Transcriptome Profile Analyses in Saccharum 
3.1 Abstract	  Sugarcane	  (Saccharum	  spp.,	  2n=100-­‐130),	  a	  major	  source	  for	  sugar	  and	  ethanol	  feedstock,	  is	  an	  interspecific	  hybrid	  between	  the	  cultivated	  S.	  officinarum	  (2n=80)	  and	  the	  wild	  species	  S.	  spontaneum	  (2n=40-­‐112),	  with	  minor	  contribution	  from	  S.	  robustum	  (2n=60-­‐200)	  in	  a	  few	  breeding	  programs.	  To	  gain	  insight	  into	  the	  nature	  of	  gene	  expression	  divergence	  in	  Saccharum,	  we	  conducted	  a	  comparative	  transcriptome	  profiling	  of	  leaf	  and	  stalk	  developmental	  stages	  in	  S.	  officinarum,	  S.	  
spontaneum	  and	  S.	  robustum.	  We	  determined	  about	  3,346	  genes	  were	  differentially	  expressed	  between	  the	  cultivated	  and	  the	  wild	  species,	  most	  of	  which	  were	  observed	  in	  immature	  stalk	  and	  mature	  leaf	  tissues.	  Functional	  analyses	  of	  these	  genes	  implicate	  post-­‐embryonic	  morphogenesis,	  lipid	  localization	  and	  phenylpropanoid	  synthesis	  as	  among	  the	  most	  contrasting	  biological	  processes	  between	  the	  cultivated	  and	  wild	  species.	  This	  suggests	  that	  expression	  between	  the	  cultivated	  and	  wild	  Saccharum	  are	  related	  to	  differences	  related	  to	  maturation	  and	  response	  to	  external	  stimuli,	  in	  general,	  and	  the	  biomass	  accumulation,	  in	  particular.	  	  In	  addition,	  genes	  associated	  with	  sugar	  metabolism	  and	  transport	  have	  dynamic	  expression	  in	  the	  surveyed	  tissues,	  reflective	  of	  the	  known	  source-­‐sink	  feedback	  signaling	  for	  sucrose	  accumulation	  in	  the	  sugar-­‐bearing	  S.	  officinarum.	  	  
3.2 Introduction	  Sugarcane	  accounts	  for	  about	  80%	  of	  the	  global	  sugar	  production	  and	  the	  increased	  need	  for	  high	  sucrose	  content	  and	  biomass	  has	  spurred	  the	  development	  of	  new	  high	  performing	  cultivars.	  However,	  compared	  to	  major	  crops	  rice,	  corn	  and	  sorghum,	  sugarcane’s	  large	  and	  complex	  polyploid	  genome	  (~10	  Gb	  size	  in	  10-­‐14x	  chromosome	  sets)	  remains	  a	  considerable	  challenge	  in	  applying	  advances	  in	  modern	  molecular	  genetics	  for	  its	  advancement.	  The	  realization	  of	  the	  high	  degree	  of	  synteny	  and	  co-­‐linearity	  between	  sugarcane	  and	  Sorghum	  bicolor	  (Garsmeur	  et	  al.,	  2011,	  Paterson	  et	  al.,	  2009;	  Wang	  et	  al.,	  2010),	  however,	  has	  opened	  an	  avenue	  to	  use	  reference-­‐based	  approach	  (Manners,	  2011).	  Linkage	  maps	  in	  conjunction	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with	  molecular	  cytogenetics	  and	  functional	  genomics	  approaches	  have	  provided	  valuable	  understanding	  of	  the	  genetic	  architecture	  of	  sugarcane.	  	  Functional	  genomics,	  specifically	  gene	  and	  transcript	  analyses	  aimed	  at	  gene	  discovery	  have	  received	  attention	  from	  sugarcane	  researchers	  because	  they	  provide	  a	  way	  to	  circumvent	  the	  difficulty	  of	  deciphering	  the	  complex	  genome,	  enabling	  researchers	  to	  identify	  candidate	  genes	  and	  gene	  networks	  related	  to	  traits	  of	  interest	  such	  as	  biomass	  and	  sucrose	  accumulation.	  A	  comprehensive	  set	  of	  ~250,000	  expressed	  sequence	  tags	  (ESTs)	  generated	  from	  diverse	  sugarcane	  cDNA	  libraries	  serves	  as	  a	  valuable	  resource	  in	  sugarcane	  functional	  genomics	  studies	  such	  as	  marker	  development	  and	  gene	  discovery	  (Vettore	  et	  al.,	  2003).	  Gene	  expression	  studies	  in	  sugarcane	  have	  largely	  been	  facilitated	  using	  array	  analysis	  and	  have	  been	  used	  extensively	  for	  tissue	  specificity	  and	  promoter	  discovery,	  carbon	  partitioning	  and	  sucrose	  accumulation,	  and	  expression	  pattern	  in	  segregating	  populations	  (Casu	  et	  al.,	  2010).	  Gene	  expression	  in	  sugarcane,	  like	  all	  polyploids,	  is	  poorly	  understood	  although	  it	  is	  becoming	  clear	  that	  it	  would	  involve	  regulation	  of	  dosage	  effects,	  interaction	  of	  regulatory	  networks,	  and	  genetic	  and	  epigenetic	  changes	  (Osborn	  et	  al.,	  2003).	  The	  presence	  of	  multiple	  gene	  copies	  after	  polyploidization	  alters	  expression	  patterns	  of	  the	  duplicated	  genes	  and	  can	  lead	  to	  novel	  functions	  in	  the	  case	  of	  neofunctonalization	  or	  partitioning	  of	  an	  existing	  function	  (subfunctionalization).	  Novel	  gene	  functions	  coupled	  with	  the	  complex	  regulation	  changes	  after	  genome	  doubling	  can	  lead	  to	  rapid	  phenotypic	  changes	  and	  speciation	  events.	  Polyploidization	  likely	  played	  a	  major	  role	  in	  the	  diversification	  of	  the	  
Saccharum	  species	  and	  the	  selection	  of	  high	  sucrose	  content	  and	  biomass	  of	  current	  commercial	  cultivars.	  Deciphering	  the	  complex	  gene	  interactions	  and	  regulation	  of	  gene	  expression	  in	  sugarcane	  would	  require	  a	  transcriptome-­‐wide	  survey.	  It	  has	  been	  suggested	  that	  differential	  regulation	  of	  gene	  expression	  may	  be	  responsible	  for	  differences	  in	  closely	  related	  species;	  that	  evolution	  might	  be	  driven	  more	  by	  the	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variation	  in	  gene	  expression	  than	  differences	  in	  DNA	  sequences	  (King	  and	  Wilson,	  2009).	  Here	  we	  present	  a	  transcriptome	  analyses	  using	  RNA-­‐seq	  technology	  to	  assess	  differential	  gene	  expression	  in	  the	  developmental	  changes	  associated	  to	  stalk	  and	  leaf	  maturation	  among	  three	  Saccharum	  species,	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  robustum.	  The	  differentially	  expressed	  genes	  were	  clustered	  based	  on	  metabolic	  roles,	  which	  showed	  an	  expression	  enrichment	  of	  specific	  pathways	  between	  three	  species.	  This	  study	  provides	  a	  glimpse	  of	  gene	  sets	  and	  pathways	  that	  may	  be	  involved	  in	  the	  speciation	  between	  the	  cultivated	  and	  wild	  Saccharum	  species.	  
3.3 Results	  
3.3.1 Read	  Mapping	  and	  Expression	  Profiles	  The	  15	  cDNA	  transcriptome	  libraries	  produced	  a	  total	  of	  347.2	  million	  (M)	  single	  end	  100nt	  reads.	  These	  are	  distributed	  in	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  
robustum	  at	  144.7M,	  40.7M,	  and	  161.8M,	  respectively.	  S.	  spontaneum-­‐derived	  reads	  were	  about	  three	  times	  smaller	  than	  S.	  officinarum	  and	  S.	  robustum.	  The	  read	  yields	  vary	  among	  individual	  libraries	  but	  the	  mapped	  reads	  to	  the	  Sorghum	  gene	  model	  were	  fairly	  similar	  at	  55%,	  64%	  and	  65%	  for	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  
robustum,	  respectively	  (Table	  3.1).	  	  Of	  the	  28,072	  genes	  in	  the	  reference	  (Phytozome	  version	  9),	  the	  expressed	  genes	  -­‐	  genes	  with	  at	  least	  at	  least	  two	  unique	  reads	  mapped	  –	  ranged	  from	  83%,	  78%	  and	  86%	  for	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  robustum,	  respectively.	  S.	  
spontaneum’s	  maturing	  and	  mature	  stalk	  internodes	  have	  the	  fewest	  number	  of	  expressed	  genes	  (77%)	  while	  S.	  robustum’s	  immature	  stalk	  internode	  of	  had	  the	  highest	  (91%).	  S.	  officinarum,	  in	  contrast	  to	  S.	  spontaneum	  and	  S.	  robustum,	  showed	  increasing	  number	  of	  differentially	  expressed	  genes	  from	  immature	  to	  mature	  stalks.	  In	  general,	  immature	  leaf	  and	  stalk	  tissues	  manifest	  the	  largest	  number	  expressed	  genes.	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The	  transcript	  levels	  of	  these	  expressed	  genes	  range	  from	  1RPKM	  to	  >200RPKM,	  with	  70-­‐80%	  displaying	  	  1-­‐10	  reads	  per	  kilobase	  per	  million	  (RPKM)	  and	  very	  few	  over	  20	  RPKM	  (Figure	  3.1a).	  This	  frequency	  distribution	  profile	  is	  similar	  for	  all	  the	  15	  libraries,	  further	  revealing	  that	  genes	  with	  extreme	  expression	  levels	  make	  up	  less	  that	  10%	  of	  the	  expressed	  genes.	  	  Data	  normalization	  using	  the	  trimmed	  mean	  of	  median	  values	  (TMM)	  fitted	  for	  negative	  binomial	  distribution	  (Robinson	  et	  al.,	  2010)	  was	  used	  to	  correct	  the	  library	  size	  bias,	  among	  other	  inherent	  data	  noises	  and	  biases	  (Figure	  3.1b).	  
3.3.2 Differential	  Gene	  Expression	  Analyses	  Pairwise	  differential	  gene	  expression	  analyses	  between	  developmental	  time	  points	  and	  between	  species	  were	  facilitated	  using	  Edge-­‐R,	  a	  bioconductor	  package	  in	  R	  statistical	  analysis	  software	  (Robinson	  et	  al.,	  2010).	  The	  collated	  105	  tests	  reveal	  that	  0	  to	  3,823	  genes	  differentially	  expressed	  genes	  (Table	  3.2).	  The	  extreme	  values	  were	  mostly	  found	  in	  comparisons	  within	  species	  (i.e.	  contrast	  among	  stalks’	  and	  leaves’	  developmental	  stages).	  There	  were	  973	  to	  3,465	  differentially	  expressed	  genes	  between	  mature	  leaf	  and	  leaf	  roll	  tissues,	  and	  a	  maximum	  of	  851	  differentially	  expressed	  genes	  in	  the	  internodal	  stalks,	  most	  of	  which	  are	  between	  immature	  and	  maturing	  internodes	  of	  S.	  robustum	  and	  very	  few	  in	  S.	  officinarum	  and	  S.	  spontaneum	  (Table	  3.2).	  On	  the	  other	  hand,	  comparisons	  between	  species	  (i.e.	  contrast	  between	  homologous	  genes	  of	  the	  same	  tissue)	  show	  that	  most	  differentially	  expressed	  genes	  were	  found	  in	  mature	  leaf	  and	  immature	  stalks.	  Among	  mature	  leaf	  tissues,	  the	  number	  of	  differentially	  expressed	  genes	  between	  S.	  officinarum	  versus	  S.	  
spontaneum,	  S.	  officinarum	  versus	  S.	  robustum,	  and	  S.	  spontaneum	  versus	  S.	  
robustum	  were	  499,	  208	  and	  24,	  respectively.	  In	  the	  immature	  internodes,	  the	  number	  of	  differentially	  expressed	  genes	  between	  S.	  officinarum	  vs.	  S.	  spontaneum,	  
S.	  officinarum	  vs.	  S.	  robustum,	  and	  S.	  spontaneum	  vs.	  S.	  robustum	  were	  17,	  851,	  and	  375,	  respectively.	  In	  contrast,	  there	  were	  0	  to	  20	  differentially	  expressed	  genes	  in	  maturing	  and	  mature	  internodes	  among	  the	  three	  species	  (Table	  3.2).	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An	  unrooted	  neighbor-­‐joining	  tree	  based	  on	  Table	  3.2	  showed	  clustering	  of	  leaf	  and	  leaf	  roll,	  and	  dispersion	  of	  stalk	  internodes	  (Figure	  3.2).	  The	  leaf	  and	  leaf	  roll	  clusters	  have	  longer	  branch	  lengths	  than	  stalk	  clusters,	  visually	  highlighting	  the	  contrast	  in	  the	  number	  of	  differentially	  expressed	  genes	  between	  the	  leaf	  and	  stalk	  tissues.	  Within	  leaf	  and	  leaf	  roll	  clusters,	  S.	  officinarum	  has	  the	  longest	  branch	  length	  while	  within	  the	  shorter-­‐branched	  stalk	  clusters,	  S.	  officinarum	  is	  separated	  from	  S.	  
spontaneum	  and	  S.	  robustum	  (Figure	  3.2).	  	  
3.3.3 Expression	  Profile	  Of	  Domesticated	  And	  Wild	  Saccharum	  Species	  	  The	  number	  of	  differentially	  expressed	  genes	  among	  the	  three	  species	  varied	  considerably.	  There	  were	  1,925	  differentially	  expressed	  genes	  between	  S.	  
officinarum	  and	  S.	  spontaneum,	  of	  which	  215	  were	  up-­‐regulated	  and	  1,710	  were	  down-­‐regulated	  in	  S.	  officinarum;	  there	  were	  2,313	  differentially	  expressed	  genes	  between	  S.	  officinarum	  and	  S.	  robustum,	  of	  which	  194	  were	  up-­‐regulated	  and	  2,119	  were	  down-­‐regulated	  in	  S.	  officinarum;	  there	  were	  633	  differentially	  expressed	  genes	  between	  S.	  spontaneum	  and	  S.	  robustum,	  of	  which	  125	  were	  up-­‐regulated	  and	  508	  were	  down-­‐regulated	  in	  S.	  spontaneum.	  It	  is	  in	  the	  immature	  stalks	  where	  S.	  
officinarum	  is	  most	  contrasted	  to	  S.	  robustum	  and	  in	  the	  mature	  leaves	  where	  S.	  
officinarum	  is	  most	  contrasted	  from	  S.	  spontaneum.	  In	  the	  immature	  stalks,	  S.	  
officinarum	  have	  112	  genes	  up	  regulated,	  most	  of	  which	  are	  enriched	  for	  activities	  related	  to	  lipid	  transport	  and	  localization	  and	  739	  down	  regulated	  genes	  related	  to	  kinase	  and	  phosphorylation	  activities.	  In	  the	  mature	  leaves,	  S.	  officinarum	  have	  115	  genes	  up	  regulated	  for	  activities	  related	  to	  chloroplast	  and	  plastid	  membrane	  and	  736	  genes	  down	  regulated	  for	  electron	  carrier	  activities.	  Between	  the	  cultivated	  and	  the	  wild	  species,	  there	  were	  3,208	  differentially	  expressed	  genes,	  which	  is	  20	  folds	  higher	  than	  those	  between	  the	  two	  wild	  species	  (133	  genes)(Figure	  3.3a).	  Further,	  the	  Venn	  diagram	  revealed	  that	  90%	  (2,385	  genes)	  of	  these	  were	  down	  regulated	  in	  the	  cultivated	  species	  (Figure	  3.3a).	  	  All	  in	  all,	  a	  total	  of	  3,346	  genes	  showed	  significant	  expression	  changes	  in	  at	  least	  one	  pairwise	  test.	  Of	  these,	  there	  were	  263	  genes	  that	  are	  consistently	  up-­‐
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regulated	  in	  S.	  officinarum.	  These	  sets	  of	  genes	  were	  primarily	  involved	  in	  transport	  (e.g.	  lipid	  transport	  protein	  (LTP),	  aquaporin,	  sulfate	  and	  peptide	  transporter	  and	  cyclic	  nucleotide	  gated	  ion	  channel)	  and	  response	  to	  abiotic	  stimulus	  (e.g.	  OsMADS56,	  immutans	  proteins,	  iron-­‐sulfur	  binding	  proteins).	  On	  the	  other	  hand,	  the	  2,385	  genes	  consistently	  down	  regulated	  in	  S.	  officinarum	  were	  related	  to	  defense	  and	  biotic	  stimulus	  response	  (e.g.	  WRKY28,	  thaumatin,	  dirigent)	  and	  growth	  (e.g.	  cytokinin	  dehydrogenase	  precursor,	  subtilisin,	  glutaredoxin).	  The	  133	  genes	  differentially	  expressed	  only	  between	  the	  wild	  species	  are	  related	  to	  response	  to	  abiotic	  stimulus	  (e.g.	  dehydrin,	  glycosyl	  hydrolase)	  and	  growth	  (e.g.	  expansin,	  cellulose	  synthase),	  and	  transcription	  factors	  (e.g.	  WRKY,	  MYB,	  bZIP).	  	  
3.3.4 Gene	  Ontology	  Enrichment	  Of	  Differentially	  Expressed	  Genes	  	  To	  further	  decipher	  the	  functional	  annotation	  and	  enrichments,	  Gene	  Ontology	  (GO)	  analyses	  was	  done	  using	  AgriGO	  (Du	  et	  al.,	  2010).	  Among	  the	  GO	  categories	  enriched	  in	  the	  263	  genes	  up	  regulated	  genes	  in	  S.	  officinarum	  were	  lipid	  localization,	  phenylpropanoid	  synthesis,	  secondary	  metabolic	  processes	  (FDR<0.05)	  with	  6,	  12,	  17	  genes	  (Table	  3.3).	  Lipid	  localization	  is	  the	  only	  GO	  category	  found	  significantly	  enriched	  with	  six	  genes	  (i.e.	  Sb06g016250.1,	  Sb10g029740.1,	  Sb06g030500.1,	  Sb06g024800.1,	  Sb09g027600.1,	  Sb06g030490.1)	  (Table	  3.3).	  A	  BLAST	  search	  indicates	  that	  these	  genes	  are	  annotated	  as	  protease	  inhibitor/seed	  storage/LTP	  family	  protein	  precursor.	  Other	  notable	  GO	  categories	  with	  borderline	  significance	  level	  (FDR	  <	  0.05)	  included	  biological	  functions	  such	  as	  metabolic	  processing	  of	  cellular	  aromatic	  compounds,	  secondary	  products,	  phenylpropanoid	  and	  flavonoid	  biosynthesis	  (Table	  3.3).	  	  GO	  analyses	  on	  the	  2,386	  down	  regulated	  genes	  in	  S.	  officinarum	  showed	  significant	  enrichments	  in	  19	  broad	  GO	  categories.	  	  This	  included	  33	  genes	  in	  the	  post-­‐embryonic	  morphogenesis,	  50	  genes	  in	  phenylpropanoid	  biosynthesis	  pathway	  and	  105	  genes	  related	  to	  defense	  response	  (Table	  3.4).	  Within	  the	  post-­‐embryonic	  morphological	  pathway,	  stomatal	  complex	  morphogenesis	  is	  particularly	  enriched	  with	  a	  higher	  number	  of	  genes	  such	  as	  cytokinin	  dehydrogenase,	  bHLH	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transcription	  factors,	  protein	  kinase,	  cytokinin	  dehydrogenase,	  glutaredoxin	  and	  subtilisin	  genes.	  Within	  the	  phenylpropanoid	  pathway,	  genes	  related	  to	  lignin	  biosynthesis	  were	  over-­‐represented,	  which	  includes	  transferase	  family	  protein,	  leucoanthocyanidin	  reductase,	  flavonol	  synthase,	  dirigent	  and	  cytochrome	  P450	  and	  Dirigent.	  Plant	  defense	  related	  to	  response	  to	  oxidative	  stress	  were	  enriched	  by	  the	  abundance	  of	  genes	  such	  as	  malic	  acid	  transport	  proteins,	  calmodulin-­‐related	  calcium	  sensor	  protein	  and	  MYB	  transcription	  factors	  while	  plant	  defense	  response	  to	  diseases	  is	  enriched	  with	  thaumatin,	  spotted	  leaf	  11	  (SPL	  11),	  LTP,	  cytochrome	  P450	  and	  powdery-­‐mildew-­‐resistance	  locus	  o	  (Mlo)	  genes,	  and	  transcription	  factors	  such	  WRKY	  and	  MYB.	  	  The	  133	  genes	  differentially	  expressed	  between	  S.	  spontaneum	  and	  S.	  
robustum	  were	  enriched	  for	  glucosyltransferase	  activity	  such	  glycosyl	  hydrolases	  and	  flavonol-­‐3-­‐O-­‐glycoside-­‐7-­‐O-­‐glucosyltransferase.	  
3.3.5 Expression	  Profile	  Of	  Differential	  Expressed	  Genes	  Hierarchical	  cluster	  analysis	  was	  done	  to	  assess	  expression	  profile	  similarities	  among	  the	  15	  tissue-­‐species	  libraries.	  To	  reduce	  complexity,	  sixty	  of	  3,346	  genes	  were	  randomly	  chosen	  (30	  genes	  each	  for	  up-­‐regulated	  and	  down-­‐regulated	  sets)	  to	  describe	  the	  expression	  profiles	  among	  the	  three	  Saccharum	  species.	  Based	  on	  the	  Z-­‐transformed	  reads,	  the	  expression	  profile	  can	  be	  roughly	  divided	  into	  leaf,	  leaf	  roll	  and	  internode	  tissue	  (Figure	  3.4).	  	  Cluster	  analyses	  suggested	  that	  mature	  leaf	  tissues	  of	  S.	  officinarum	  and	  S.	  robustum	  have	  distinct	  gene	  expression	  profiles	  from	  each	  other	  while	  immature	  internode	  of	  S.	  officinarum	  was	  most	  distinct	  from	  both	  S.	  robustum	  and	  S.	  spontaneum.	  In	  contrast,	  the	  immature,	  maturing	  and	  mature	  internode	  stalks	  of	  S.	  spontaneum	  did	  not	  show	  any	  expression	  variation	  for	  the	  same	  sets	  of	  genes.	  	  	  Heatmap	  assessment	  shows	  that	  the	  six	  genes	  involved	  in	  lipid	  localization,	  the	  only	  significantly	  enriched	  GO	  category,	  were	  expressed	  higher	  in	  immature	  stalk	  and	  leaf	  roll	  of	  S.	  officinarum	  (Figure	  3.4).	  In	  addition,	  compared	  to	  its	  wild	  relatives,	  S.	  officinarum	  showed	  an	  elevated	  transcript	  abundance	  of	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leucoanthocyanidin	  reductase,	  naringenin	  and	  subtilisin-­‐like	  protease	  across	  the	  three	  developmental	  stages	  of	  its	  stalks	  (Figure	  3.4).	  	  Among	  significantly	  expressed	  genes	  in	  the	  phenylpropanoid	  pathway,	  dirigent	  and	  lacasse	  are	  well	  studied,	  having	  been	  recognized	  as	  key	  genes	  in	  lignification	  and	  defense	  response	  (Damaj	  et	  al.,	  2010).	  	  All	  seven	  annotated	  dirigent	  homologs	  in	  the	  reference	  genome	  showed	  varying	  expression	  profiles	  across	  species	  and	  tissues	  (Figure	  3.4).	  One	  dirigent	  homolog	  (Sb04g019550.1)	  was	  expressed	  abundantly	  in	  immature	  internodes	  (internode	  3)	  of	  S.	  officinarum,	  and	  another	  (Sb05g008770.1)	  in	  S.	  robustum	  and	  two	  (Sb08g004680.1,	  Sb02g010230.1)	  in	  maturing	  internode	  of	  S.	  spontaneum.	  Two	  dirigent	  homologs	  showed	  high	  expression	  levels	  in	  mature	  leaf	  of	  S.	  spontaneum	  (Sb05g024940.1)	  and	  leaf	  roll	  of	  S.	  
officinarum	  (Sb01g016760.1,	  Sb02g040570.1)	  (Figure	  3.4).	  	  On	  other	  hand,	  only	  but	  one	  (Sb03g039980.1)	  of	  the	  25	  lacasse	  gene	  showed	  a	  statistically	  higher	  expression	  level	  among	  the	  three	  species,	  and	  this	  is	  in	  the	  immature	  stalk	  of	  S.	  robustum.	  	  	  Heatmap	  assessment	  and	  hierarchical	  cluster	  analysis	  indicates	  that	  lacasse	  genes	  tend	  to	  have	  a	  distinct	  expression	  profile	  in	  immature	  internode	  of	  S.	  officinarum	  (Figure	  3.5).	  	  
3.3.6 Expression	  Profiles	  Of	  Sucrose	  Metabolism	  And	  Transporter	  Genes	  We	  did	  not	  detect	  large	  expression	  changes	  in	  favor	  of	  the	  sugar-­‐bearing	  S.	  
officinarum	  among	  genes	  related	  to	  sucrose	  metabolism	  and	  transport.	  Rather,	  of	  the	  61	  known	  sucrose	  metabolism	  homologs,	  14	  were	  found	  down	  regulated	  in	  the	  immature	  stalk	  tissues	  of	  S.	  officinarum	  relative	  S.	  robustum	  (Table	  3.5).	  In	  decreasing	  order	  of	  expression	  levels,	  these	  genes	  were:	  glycosyl	  hydrolase,	  sucrose-­‐phosphate	  synthase	  (SPS),	  neutral/alkaline	  invertase,	  6-­‐phosphofructokinase,	  phosphoglucomutase.	  Sucrose	  metabolism	  genes	  pyrophosphate-­‐fructose	  6-­‐phosphate	  1-­‐phosphotransferase,	  glycosyl	  hydrolases	  and	  hexokinase	  were	  also	  down	  regulated	  in	  the	  mature	  leaf	  tissues	  of	  S.	  officinarum	  compared	  to	  the	  two	  wild	  species.	  Between	  the	  two	  wild	  species,	  sucrose	  homologs	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of	  invertase,	  glycosyl	  hydrolase	  and	  sucrose	  phosphate	  synthase	  were	  significantly	  up	  regulated	  in	  the	  immature	  stalk	  tissues	  of	  S.	  robustum.	  Similarly,	  18	  of	  the	  57	  sucrose	  transporter	  genes	  were	  found	  differentially	  expressed	  among	  the	  three	  species.	  These	  were	  also	  down	  regulated	  in	  the	  immature	  stalk	  tissues	  of	  S.	  officinarum	  relative	  to	  S.	  robustum.	  These	  sucrose	  transporters	  are:	  Polyol	  transporter	  (PLT),	  hexose	  transporter	  (STP/HXT),	  sucrose	  transporter	  (SUT/SUC)	  and	  myo-­‐inositol	  (MIT).	  	  	  Hexose	  transporter	  (STP/HXT)	  and	  polyol	  transporter	  (PLT)	  were	  up	  regulated	  in	  maturing	  stalk	  tissue	  of	  S.	  
robustum	  compared	  to	  S.	  spontaneum.	  	  
3.4 Discussion	  We	  performed	  comparative	  transcriptome	  profiling	  among	  three	  Saccharum	  species	  by	  comparing	  the	  expression	  dynamics	  among	  developmental	  stages	  of	  leaf	  (mature	  and	  leaf	  roll)	  and	  stalks	  (mature,	  maturing	  and	  immature)	  using	  RNA-­‐seq.	  Despite	  the	  smaller	  reads	  in	  S.	  spontaneum,	  the	  proportions	  of	  uniquely	  mapped	  reads	  of	  all	  libraries	  to	  the	  Sorghum	  bicolor	  gene	  models	  (Phytozome	  version	  9,	  Paterson	  et	  al.,	  2009;	  Goodstein	  et	  al.,	  2012)	  were	  fairly	  close	  to	  the	  mean	  of	  60%	  (Table	  3.1).	  This	  highlights	  the	  utility	  of	  Sorghum	  as	  a	  robust	  reference	  genome	  in	  describing	  the	  transcriptome	  profile	  of	  Saccharum	  (Calvino	  et	  al.,	  2008	  ;	  Casu	  et	  al.,	  2007).	  	  As	  aligned	  to	  the	  28,072	  gene	  models	  of	  S.	  bicolor,	  the	  number	  of	  expressed	  genes	  in	  Saccharum	  at	  any	  given	  developmental	  stages	  is	  between	  ~21,000	  to	  ~25,000	  (Table	  3.1).	  Most	  of	  these	  were	  found	  in	  the	  actively	  growing	  leaf	  roll	  (~23,760	  genes)	  and	  immature	  stalks	  (~23,390	  genes),	  although	  the	  cultivated	  S.	  
officinarum,	  unlike	  its	  wild	  relatives,	  tend	  to	  have	  more	  expressed	  genes	  in	  mature	  stalks	  (Table	  3.1).	  On	  the	  average,	  the	  expressed	  genes	  in	  S.	  officinarum	  (23,300	  genes),	  S.	  spontaneum	  (22,000	  genes)	  and	  S.	  robustum	  (24,250	  genes)	  differ	  only	  by	  about	  1,300	  genes,	  which	  does	  not	  validate	  the	  observation	  that	  wild	  species	  have	  more	  expressed	  genes	  than	  the	  cultivated	  species	  as	  was	  observed	  in	  soybeans	  (Yoo	  et	  al.,	  2014).	  At	  an	  average	  of	  ~23,000	  expressed	  genes,	  Saccharum	  has	  about	  the	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same	  number	  of	  expressed	  genes	  as	  sorghum	  (~19,354	  genes;	  Shakoor	  et	  al.,	  	  2010)	  and	  rice	  (~24,822	  genes;	  Jiao	  et	  al.,	  2009)	  but	  less	  than	  maize	  (~29,447	  genes;	  Sekhon	  et	  al.,	  2013).	  	  We	  proceeded	  with	  differential	  gene	  expression	  analyses	  to	  further	  describe	  patterns	  and	  differences	  among	  expression	  profiles	  of	  the	  three	  Saccharum	  species,	  aware	  of	  the	  limitation	  of	  testing	  differential	  expression	  without	  biological	  replicates.	  With	  only	  a	  single	  library	  per	  comparison,	  we	  tested	  differences	  in	  transcript	  levels	  by	  imputing	  an	  estimate	  of	  biological	  variance,	  as	  required	  by	  the	  statistical	  software	  Edge-­‐R	  in	  fitting	  a	  negative	  binomial	  distribution	  (Robinson	  et	  al.,	  2010).	  The	  imputed	  biological	  coefficient	  of	  variance	  (BCV	  =	  0.2),	  otherwise	  robustly	  provided	  by	  replication,	  was	  approximated	  from	  a	  similar	  but	  replicated	  dataset	  (Chapter	  2	  of	  this	  dissertation).	  	  However,	  without	  the	  gene-­‐by-­‐gene	  adjustment	  of	  variance	  provided	  by	  biological	  replicates,	  a	  single	  variance	  estimate	  throughout	  all	  pairwise	  tests	  tends	  to	  inflate	  differences,	  thus	  erring	  on	  the	  side	  of	  being	  conservative.	  The	  tests	  declare	  significant	  differences	  only	  with	  larger-­‐than-­‐usual	  fold-­‐change	  differences,	  unable	  to	  detect	  differences	  in	  smaller	  transcript	  level	  differences	  (Robinson	  et	  al,	  2010).	  Indeed,	  a	  survey	  of	  the	  transcript	  level	  differences	  of	  genes	  declared	  as	  differentially	  expressed	  at	  FDR	  <	  0.05	  shows	  a	  minimum	  fold-­‐change	  of	  1,000X	  (3x	  in	  the	  log	  2	  scale)	  (data	  not	  shown).	  	  With	  a	  rather	  conservative	  statistical	  power	  to	  detect	  expression	  differences,	  the	  105	  pairwise	  tests	  of	  differential	  expression	  among	  15	  cDNA	  libraries	  reveals	  that	  3-­‐10%	  (630	  to	  2,300	  genes)	  of	  expressed	  genes	  in	  Saccharum	  manifest	  significant	  large	  fold-­‐changes	  across	  developmental	  stages.	  The	  lower	  value	  of	  this	  range	  (~600	  genes)	  tends	  to	  be	  in	  adjacent	  stalk	  internode	  tissues	  while	  the	  higher	  values	  (~2,000	  genes)	  were	  in	  leaf	  tissues.	  Among	  the	  three	  developmental	  tissues	  sampled	  in	  the	  stalks,	  immature	  internode	  tissues	  show	  the	  most	  number	  of	  differentially	  expressed	  genes	  (~3,000	  genes)	  between	  species,	  possibly	  because	  it	  also	  has	  the	  most	  number	  of	  expressed	  genes.	  	  In	  contrast,	  although	  leaf	  roll	  tissues	  show	  the	  highest	  number	  of	  expressed	  genes	  (>	  3,000	  genes)	  among	  all	  sampled	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tissues,	  mature	  leaf	  tissues	  have	  a	  higher	  number	  of	  differentially	  expressed	  genes;	  leaf	  roll	  tissues	  have	  about	  100	  differentially	  genes	  while	  mature	  leaves	  have	  about	  30	  times	  as	  much,	  at	  ~3,000	  genes	  (Table	  3.1).	  Most	  of	  the	  expressed	  genes	  in	  the	  actively	  growing	  leaf	  roll	  tissues	  were	  genes	  and	  transcription	  factors	  implicated	  in	  basal	  plant	  processes	  such	  as	  such	  cytochrome	  P450,	  AP2,	  pentatricopeptide	  repeat,	  as	  well	  as	  transcription	  factors	  MYB,	  Zinc	  finger	  and	  helix-­‐loop-­‐helix.	  	  Pairwise	  comparison	  among	  the	  three	  Saccharum	  species	  reveals	  that	  there	  were	  fewer	  differentially	  expressed	  genes	  between	  the	  two	  wild	  species	  S.	  
spontaneum	  and	  S.	  robustum	  (633	  genes)	  than	  between	  S.	  officinarum	  and	  its	  two	  wild	  relatives,	  S.	  robustum	  (2,313	  genes),	  and	  S.	  spontaneum	  (1,925	  genes).	  Collated	  into	  a	  single	  non-­‐redundant	  list,	  all	  pairwise	  comparisons	  sums	  up	  to	  3,346	  differentially	  expressed	  genes.	  Of	  these,	  3,208	  genes	  (96%)	  were	  found	  in	  comparing	  the	  cultivated	  S.	  officinarum	  to	  one	  or	  both	  of	  its	  wild	  relatives,	  S.	  
spontaneum	  and	  S.	  robustum;	  of	  these,	  2,385	  genes	  (71%)	  were	  down-­‐regulated	  in	  the	  cultivated	  species	  (Figure	  3.3a).	  The	  list	  of	  up-­‐regulated	  genes	  in	  S.	  officinarum	  includes	  an	  abundance	  of	  genes	  involved	  in	  transport	  and	  response	  to	  abiotic	  stress	  while	  the	  down-­‐regulated	  genes	  are	  involved	  defense	  and	  biotic	  stress	  response	  and	  growth.	  The	  suggested	  correlation	  between	  differential	  gene	  expression	  and	  phenotypic	  differences	  between	  the	  cultivated	  and	  the	  wild	  species,	  in	  addition	  to	  the	  disproportionately	  large	  number	  of	  down-­‐regulated	  genes	  in	  the	  cultivated	  species,	  highly	  implies	  that	  transcriptional	  regulation	  of	  gene	  expression	  may	  play	  a	  substantial	  role	  in	  species	  divergence	  (Jordan	  et	  al.,	  2005)	  in	  Saccharum,	  possibly	  accompanied	  by	  a	  pervasive	  regulatory	  changes,	  as	  was	  observed	  in	  cotton	  (Ferguson	  et	  al.,	  2013).	  	  To	  further	  understand	  the	  functional	  context	  of	  the	  noted	  expression	  profiles,	  we	  pursued	  Gene	  Ontology	  (GO)	  analyses	  on	  the	  sets	  of	  genes	  differentially	  expressed	  between	  the	  domesticated	  and	  wild	  species.	  Based	  on	  the	  over-­‐representation	  algorithm	  implemented	  by	  AgriGO	  (Du	  et	  al.,	  2010),	  the	  most	  enriched	  biological	  pathways	  between	  the	  cultivated	  and	  wild	  Saccharum	  species	  
	  	   78	  
are	  related	  to	  growth	  and	  maturation,	  in	  general,	  and	  fiber	  synthesis	  and	  response	  to	  external	  stimulus,	  in	  particular	  (Table	  3.3	  and	  Table	  3.4).	  	  Among	  the	  GO	  categories	  enriched	  in	  the	  list	  of	  263	  up	  regulated	  in	  S.	  
officinarum,	  lipid	  localization	  was	  particularly	  enhanced	  in	  the	  mature	  leaf	  with	  the	  six	  plant	  lipid	  transfer	  protein	  (LTP)	  homologs.	  Among	  its	  diverse	  biological	  function,	  LTPs’	  putative	  role	  in	  the	  secretion	  or	  deposition	  of	  extracellular	  lipophilic	  material	  in	  the	  cell	  wall	  (Kader,	  2013)	  may	  overlap	  with	  phenylpropanoid	  pathway,	  the	  second	  enriched	  GO	  category	  (Table	  3.3).	  However,	  genes	  in	  the	  phenylpropanoid	  pathway	  such	  as	  dirigent,	  nerigenan	  and	  transferase	  family	  proteins,	  as	  well	  as	  transcription	  factor	  helix-­‐loop-­‐helix	  found,	  are	  also	  listed	  in	  the	  remaining	  GO	  categories	  listed	  as	  enriched:	  secondary	  metabolic	  processes,	  biosynthesis	  of	  cellular	  amino	  acids	  and	  flavonoids.	  Thus,	  over-­‐all,	  the	  up-­‐regulated	  genes	  seem	  to	  relate	  to	  an	  enhanced	  activity	  of	  fiber	  and	  cell	  wall	  synthesis.	  The	  phenylpropanoid	  pathway	  has	  been	  implicated	  as	  correlated	  with	  sucrose	  accumulation	  in	  sugarcane	  (McCormick	  et	  al.,	  2009;	  Casu	  et	  al.,	  2010).	  On	  the	  other	  hand,	  the	  2,386	  down-­‐regulated	  genes	  were	  enriched	  for	  GO	  categories	  such	  as	  post-­‐embryonic	  morphogenesis,	  phenylpropanoid	  biosynthesis,	  and	  defense	  response,	  among	  others	  (Table	  3.4).	  Post-­‐embryonic	  morphogenesis	  is	  a	  broad	  category	  that	  involves	  developmental	  transition	  to	  maturity	  (Du	  et	  al.,	  2010)	  and	  spans	  varied	  biological	  activities	  such	  hormonal	  balance	  (Mrizova	  et	  al	  2013),	  cell	  signaling	  (Lillig	  et	  al.,	  2008),	  flowering	  (Yoshida	  et	  al.,	  2001)	  and	  stomatal	  development	  (Engineer	  et	  al.,	  2014).	  The	  phenylpropanoid	  biosynthesis	  pathway,	  because	  it	  is	  involved	  in	  numerous	  biosynthetic	  pathways	  	  (Voigt,	  2010),	  overlaps	  with	  the	  remaining	  significant	  GO	  categories	  such	  as	  secondary	  metabolic	  processes,	  response	  to	  biotic	  and	  abiotic	  stress,	  flavanol	  synthesis,	  and	  plant	  defense	  response.	  	  	  	  	  Thus,	  taken	  together,	  the	  expression	  profile	  of	  the	  differentially	  expressed	  genes	  between	  S.	  officinarum	  and	  its	  wild	  relatives	  describes	  a	  dynamic	  regulation	  of	  biomass	  and	  fiber	  structures	  associated	  with	  growth	  and	  maturation	  (Carson	  et	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al.,	  2002).	  Studies	  of	  gene	  expression	  in	  sugarcane	  reveals,	  indeed,	  of	  an	  enhanced	  expression	  in	  fiber	  and	  cell	  wall	  synthesis,	  with	  genes	  dirigent	  and	  narigenan	  prominently	  expressed	  in	  maturing	  stalks	  (Casu	  et	  al.,	  2004;	  Damaj	  et	  al.,	  2010)	  and	  even	  high-­‐brix	  genotypes	  (Papini-­‐Terzi	  et	  al.,	  2009).	  The	  increased	  fiber	  synthesis,	  it	  is	  proposed,	  might	  be	  necessary	  accommodate	  the	  increased	  sucrose	  concentration	  in	  the	  parenchyma	  of	  the	  sugar-­‐bearing	  S.	  officinarum	  (Wang	  et	  al.,	  2010;	  Manners	  et	  al.,	  2011)	  We	  used	  hierarchical	  cluster	  analysis	  and	  heat	  map	  visualization	  (Gould,	  2014)	  to	  further	  describe	  the	  global	  spatio-­‐temporal	  gene	  expression	  profile	  between	  the	  cultivated	  and	  wild	  Saccharum	  species.	  Based	  on	  the	  normalized	  expression	  levels	  of	  60	  representative	  genes,	  the	  expression	  patterns	  are	  distinct	  between	  the	  leaf,	  leaf	  roll	  and	  internode	  tissues.	  Expression	  profiles	  are	  most	  similar	  in	  the	  leaf	  roll	  while	  the	  most	  contrasting	  are	  in	  the	  mature	  leaves	  and	  immature	  internode	  (Figure	  3.4).	  Visual	  assessment	  of	  heatmap-­‐rendered	  expression	  levels	  shows	  that	  while	  subset	  of	  up-­‐regulated	  genes	  such	  as	  LTP,	  leucoanthocyanidin	  dioxygenase,	  and	  transferase	  family	  proteins	  were	  expressed	  in	  the	  immature	  leaf	  tissues	  of	  the	  three	  species,	  S.	  officinarum’s	  immature	  internode	  has	  an	  abundance	  of	  the	  same	  genes	  (Figure	  3.4).	  In	  addition,	  S.	  officinarum’s	  maturing	  and	  immature	  internode	  stalks	  also	  show	  a	  higher	  transcript	  levels	  in	  genes	  leucoanthocyanidin	  reductase,	  naringenin,	  and	  substilisin.	  Both	  leucoanthocyanidin	  reductase	  (Bogs	  et	  al.,	  2005)	  and	  naringenin	  (Deng	  et	  al.,	  2004)	  were	  found	  to	  play	  a	  role	  in	  lignin	  biosynthesis	  while	  subtilisin-­‐like	  protease	  and	  leucoanthocyanidin	  dioxygenase	  are	  involved	  in	  storage	  protein	  degradation	  (Liu	  et	  al.,	  2007;	  Abrahams	  et	  al.,	  2003)	  and	  stomatal	  development	  (Engineer	  et	  al.,	  2014).	  On	  the	  other	  hand,	  the	  random	  set	  of	  down-­‐regulated	  genes	  in	  S.	  officinarum	  showed	  the	  expression	  profiles	  of	  the	  same	  genes	  dirigent,	  naringenin,	  transferase	  family	  and	  cytokinin	  dehydrogenase,	  in	  numbers	  of	  up	  to	  twice	  as	  many	  as	  their	  up-­‐regulated	  homologs.	  These	  genes	  were	  particularly	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up-­‐regulated	  the	  immature	  internode	  of	  S.	  robustum	  and	  mature	  leaf	  of	  S.	  
spontaneum	  (Figure	  3.4).	  	  	  The	  global	  expression	  profiles	  of	  differentially	  expressed	  genes	  in	  
Saccharum,	  as	  assessed	  by	  cluster	  and	  heatmap	  analyses	  on	  the	  normalized	  expression	  levels,	  foremostly	  demonstrated	  the	  complex	  and	  dynamic	  nature	  of	  gene	  expression	  regulation	  across	  developmental	  points,	  as	  was	  expected	  of	  all	  biological	  processes.	  However,	  in	  the	  mature	  leaf	  and	  immature	  stalk	  internode	  tissues	  where	  expression	  between	  the	  cultivated	  and	  wild	  Saccharum	  species	  seem	  to	  be	  most	  discriminated,	  hints	  of	  tissue	  and	  even	  lineage-­‐specific	  gene	  expression	  can	  be	  discerned;	  specific	  gene	  homologs	  involved	  in	  fiber	  synthesis	  and	  transport	  were	  transcriptionally	  active	  in	  specific	  tissues	  of	  S.	  officinarum	  only,	  such	  as	  LTP	  (Sb09g027600.1),	  dirigent	  (Sb01g016760.1)	  and	  neringenin	  (Sb06g031790.1).	  
Saccharum,	  however,	  is	  known	  for	  high	  degree	  of	  heterozygosity	  levels	  (Alwala	  et	  al.,	  2007;	  Aitken	  et	  al.,	  2010)	  and	  would	  entail	  a	  larger	  number	  of	  accessions	  per	  species	  to	  probe	  tissue-­‐specific	  and	  lineage-­‐specific	  genes	  expression	  (Gilad	  et	  al.,	  2006),	  as	  was	  suggested	  by	  cluster	  and	  heatmap	  analyses.	  Our	  comparative	  transcriptome	  analyses	  among	  the	  three	  Saccharum	  species	  also	  presented	  some	  interesting	  observations	  in	  the	  aspect	  of	  tissue	  and	  lineage-­‐specific	  gene	  expression.	  We	  observed	  expression	  profiles	  of	  two	  genes,	  dirigent	  and	  lacasse,	  contrary	  to	  what	  was	  reported	  in	  related	  studies.	  Contrary	  to	  reports	  describing	  dirigent	  as	  a	  stem-­‐specific	  cell	  wall	  protein	  in	  sugarcane	  (Damaj	  et	  al.,	  2010;	  Casu	  et	  al.,	  2004),	  we	  found	  dirigent	  homologs	  that	  were	  prominently	  expressed	  in	  the	  leaf	  roll	  (Sb04g019550.1,	  Sb02g000690.1)	  (Figure	  3.5).	  Closer	  examination	  indicates	  that	  these	  homologs	  have	  moderate	  expression	  level	  (~75	  RPKM)	  in	  the	  leaf	  roll	  tissues	  of	  S.	  officinarum,	  which	  is	  about	  10X	  higher	  over	  S.	  
robustum	  and	  S.	  spontaneum.	  However,	  dirigent	  transcripts	  were	  observed	  in	  the	  leaf	  tissues	  Forsythia	  intermedia	  during	  dirigent-­‐mediated	  lignin	  biosynthesis	  in	  response	  to	  pathogen	  infection	  (Burlat	  et	  al.,	  2001).	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On	  the	  other	  hand,	  contrary	  to	  lacasse	  genes	  showing	  abundant	  transcript	  levels	  proportional	  to	  fiber	  content	  in	  sugarcane	  (Arrierea	  et	  al.,	  2003;	  Baucher	  2003;	  Rogers	  and	  Campbell	  2004),	  we	  found	  only	  but	  a	  single	  lacasse	  gene	  homolog	  (Sb03g039980.1)	  with	  large	  expression	  change	  in	  our	  list	  of	  significantly	  expressed	  genes.	  In	  addition,	  the	  aforementioned	  laccase	  gene	  showed	  higher	  transcript	  abundance	  in	  S.	  robustum	  than	  S.	  spontaneum,	  although	  the	  latter	  have	  higher	  fiber	  content	  than	  the	  former	  (Figure	  3.5).	  However,	  closer	  examination	  of	  the	  expression	  pattern	  of	  the	  25	  lacasse	  isoforms	  indicates	  that	  indeed	  the	  expression	  differences	  were	  not	  large	  enough	  to	  be	  detected	  in	  our	  tests.	  As	  presented	  by	  the	  heatmap,	  the	  expression	  dynamics	  of	  lacasse	  homologs	  suggests	  tissue	  or	  lineage-­‐specific	  expression,	  as	  was	  the	  case	  for	  SofLac,	  a	  lacasse	  isoform	  preferentially	  expressed	  in	  immature	  internodes	  (Cesarino	  et	  al.,	  2013).	  In	  Poplar	  and	  Arabidopsis,	  the	  expression	  of	  lacasse	  genes	  were	  correlated	  with	  lignification	  of	  the	  vascular	  tissues,	  possibly	  through	  post-­‐transcriptional	  regulation	  involving	  microRNA	  mi397a	  (Lu	  et	  al.,	  2013;	  Wang	  et	  al.,	  2014).	  	  The	  lacasse	  gene	  family	  thus	  could	  be	  involved	  in	  differences	  in	  stalk	  fiber	  content	  between	  the	  fibrous	  wild	  species	  and	  non-­‐fibrous	  cultivated	  sugarcane.	  	  An	  interesting	  finding	  in	  this	  study	  is	  that	  the	  few	  differentially	  expressed	  sucrose	  metabolism	  genes	  (14	  of	  the	  known	  61	  homologs)	  were	  down	  regulated	  in	  
S.	  officinarum,	  the	  sugar-­‐bearing	  species.	  Our	  finding	  adds	  support	  to	  the	  accumulating	  observations	  that	  genes	  related	  to	  sucrose	  metabolism	  were	  not	  differentially	  expressed	  during	  sucrose	  accumulation	  to	  maturity	  (Casu	  et	  al.,	  2011),	  or	  even	  among	  individuals	  segregating	  for	  sugar	  content	  (Casu	  et	  al.,	  2005)	  in	  
Saccharum.	  	  	  However,	  we	  are	  aware	  that	  the	  remaining	  non-­‐differentially	  expressed	  sucrose	  homologs	  where	  of	  lower	  fold-­‐change	  and	  were	  not	  detectable	  with	  our	  tests	  (see	  methods).	  	  Studies	  that	  found	  sucrose	  metabolism	  genes	  to	  be	  non-­‐differentially	  expressed	  have	  noted	  very	  low	  levels	  even	  in	  maturing	  tissues	  (Casu	  et	  al.,	  2003).	  It	  is	  likely	  that	  the	  expression	  dynamics	  among	  sucrose	  and	  sucrose	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transporter	  genes,	  just	  like	  lacasse	  genes,	  is	  better	  captured	  and	  appreciated	  with	  visual	  assessment	  of	  expression	  profile.	  Our	  heat	  map	  (Figure	  3.6)	  representation	  of	  expression	  levels	  among	  sucrose	  metabolism	  genes	  show	  subtle	  differences	  within	  and	  between	  species	  previously	  not	  apparent	  in	  the	  tabulated	  test	  of	  significance	  test	  (Table	  3.2).	  	  Small	  differences	  in	  transcript	  abundance	  between	  developmental	  stages	  and	  between	  species	  show	  distinct	  expression	  profiles	  between	  leaf	  roll,	  leaf	  and	  stalk	  tissues.	  The	  61	  sucrose	  metabolism	  genes	  have	  higher	  transcript	  levels	  in	  pyrophosphate-­‐fructose	  6-­‐phosphate-­‐1-­‐phosphotransferase,	  phosphofructokinase	  and	  pfkB	  kinase,	  especially	  in	  the	  stalk	  tissues	  (Figure	  3.6).	  In	  most	  cases,	  S.	  
officinarum	  and	  S.	  robustum	  share	  the	  same	  expression	  patterns	  where	  stem	  maturation	  is	  associated	  with	  higher	  levels	  of	  sucrose	  phosphate	  synthase	  (SPS)	  and	  kinases	  such	  as	  PPDPFRK.	  	  	  On	  the	  other	  hand,	  sucrose	  transporters	  homologues	  showed	  higher	  transcript	  abundance	  in	  cultivated	  S.	  officinarum:	  polyol	  transporter	  (PLT),	  sucrose	  transporter	  (SUT/SUC	  hexose	  transporter	  (STP/HXT),	  and	  sugar-­‐porter	  family	  protein	  (SFP)	  (Figure	  3.7).	  A	  heat	  map	  and	  cluster	  analysis	  based	  on	  the	  transformed	  Z-­‐scores	  of	  reads	  of	  the	  57	  sucrose	  transporter	  genes	  revealed	  a	  subtle	  expression	  patterns	  between	  species,	  largely	  separated	  into	  leaf	  roll,	  leaf	  and	  stalk	  tissues	  (Figure	  3.7).	  Transporters	  such	  as	  vacuolar	  glucose	  transporter	  (VGT),	  myo-­‐inositol	  (MIT)	  and	  polyol	  transporter	  (PLT)	  showed	  lower	  transcript	  levels	  in	  mature	  leaf	  of	  S.	  officinarum	  and	  S.	  spontaneum	  compared	  to	  S.	  robustum.	  In	  the	  stalk	  tissues,	  the	  elevated	  transcript	  levels	  of	  polyol	  transporter	  (PLT),	  sucrose	  transporter	  (SUT/SUC),	  myo-­‐inositol	  (MIT),	  sugar-­‐porter	  family	  protein	  (SFP)	  and	  myo-­‐inositol	  (MIT)	  were	  most	  pronounced	  in	  the	  immature	  internode	  of	  S.	  
officinarum.	  Sucrose	  is	  not	  only	  a	  metabolic	  and	  structural	  resource	  but	  is	  an	  important	  regulator	  of	  growth	  and	  development	  (Koch	  et	  al.,	  1992).	  The	  expression	  profiles	  that	  do	  not	  seem	  to	  distinguish	  the	  sugar-­‐bearing	  S.	  officinarum	  from	  its	  wild	  relatives	  support	  this	  complex	  expression	  dynamics.	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3.5 Conclusion	  This	  study	  is	  the	  first	  reported	  transcriptome	  analysis	  of	  the	  three	  Saccharum	  species,	  S.	  officinarum,	  S.	  spontaneum	  and	  S.	  robustum,	  using	  leaf	  and	  stalk	  tissues	  at	  different	  development	  stages.	  Among	  sets	  of	  genes	  characterized	  with	  large	  expression	  fold-­‐changes,	  we	  determined	  3,346	  non-­‐redundant	  genes	  differentially	  expressed	  in	  at	  least	  one	  pair	  of	  comparison	  among	  the	  15	  cDNA	  transcriptome	  libraries.	  There	  were	  about	  ten	  times	  more	  of	  these	  differentially	  expressed	  genes	  in	  the	  leaf	  than	  the	  stalk.	  And	  among	  the	  three	  species,	  these	  differentially	  expressed	  genes	  where	  found	  in	  higher	  frequency	  in	  mature	  leaf	  and	  immature	  internodes.	  Most	  of	  the	  differentially	  expressed	  genes	  were	  found	  between	  the	  cultivated	  and	  wild	  species,	  of	  which	  71%	  (2,385	  out	  of	  3,346	  expressed	  genes)	  were	  found	  down-­‐regulated	  in	  the	  cultivated	  species.	  These	  down-­‐regulated	  genes	  are	  involved	  in	  post-­‐embryonic	  morphogenesis,	  fiber	  biosynthesis	  and	  response	  to	  biotic	  stimuli	  in	  the	  phenylpropanoid	  pathway	  while	  the	  few	  up-­‐regulated	  genes	  are	  related	  to	  lipid	  localization,	  phenylpropanoid	  and	  secondary	  metabolite	  biosynthesis.	  	  
S.	  officinarum	  is	  well	  known	  for	  its	  high	  sugar	  content	  compared	  to	  the	  other	  two	  wild	  species	  but	  expression	  of	  genes	  involved	  in	  sucrose	  biosynthesis	  and	  transport	  show	  an	  unexpected	  trend.	  Of	  the	  60	  genes	  involved	  in	  sucrose	  metabolism	  and	  transport,	  20	  are	  differentially	  expressed	  in	  any	  pairwise	  tests.	  Surprisingly,	  14	  of	  the	  61	  sucrose	  metabolism	  genes	  are	  down	  regulated	  in	  S.	  
officinarum	  compared	  to	  the	  wild	  species,	  contradictory	  to	  the	  observed	  sucrose	  accumulation	  capacity	  of	  S.	  officinarum.	  Furthermore,	  sucrose	  metabolism	  genes	  have	  low	  expression	  levels	  in	  the	  stalk	  tissue,	  in	  agreement	  with	  previous	  studies	  (Casu	  et	  al.,	  2003).	  This	  hints	  that	  the	  expression	  of	  high	  sugar	  content	  in	  sugarcane,	  similar	  to	  what	  was	  observed	  in	  maize,	  is	  highly	  likely	  a	  complex	  regulation	  of	  gene	  expression	  networks	  (Swanson-­‐Wagner,	  Briskine	  et	  al.,	  2012).	  Differential	  gene	  expression	  alone	  is	  insufficient	  for	  controlling	  the	  high	  sugar	  content	  in	  domesticated	  sugarcane.	  As	  was	  recently	  reported	  in	  hexaploid	  wheat	  (Pfeifer	  et	  al.,	  2014),	  the	  high	  degree	  of	  polyploidy	  and	  diverse	  homoeologous	  chromosomes	  in	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sugarcane	  likely	  spawn	  a	  complex	  interplay	  of	  gene	  expression	  and	  regulation	  in	  underlying	  agronomic	  traits.	  	  
3.6 Materials	  and	  Methods	  
3.6.1 Plant	  Materials	  Three	  representative	  Saccharum	  species	  were	  used	  in	  the	  study:	  S.	  
officinarum	  ‘LA	  Purple’	  (2n	  =	  8x	  =	  80),	  S.	  robustum	  Molokai	  6081	  (2n	  =	  8x	  =	  80),	  and	  
S.	  spontaneum	  SES	  208	  (2n	  =	  8x	  =	  64).	  Plants	  were	  grown	  in	  plastic	  pots	  under	  greenhouse	  conditions	  and	  standard	  growing	  practices.	  At	  about	  10MAP,	  tissue	  samples	  were	  obtained	  from	  three	  plants	  (as	  replicates)	  for	  leaf	  roll,	  leaf,	  top	  internode	  (i.e.	  internode	  number	  3),	  maturing	  internode	  (i.e.	  internode	  number	  9	  for	  ‘LA	  Purple’	  and	  Molokai	  6081	  due	  to	  short	  internode,	  and	  internode	  number	  6	  for	  SES	  208	  due	  to	  long	  internode)	  and	  mature	  internode	  (i.e.	  internode	  number	  15	  for	  ‘LA	  Purple’	  and	  Molokai	  6081,	  and	  internode	  number	  9	  for	  SES	  208	  due	  to	  long	  internode	  –	  most	  SES	  208	  plants	  have	  about	  12	  internodes).	  The	  tissues	  were	  immediately	  frozen	  using	  liquid	  nitrogen	  and	  stored	  at	  -­‐80°C	  prior	  to	  RNA	  isolation.	  
3.6.2 RNA-­‐Seq	  Library	  Construction	  and	  Read	  Mapping	  Total	  RNA	  was	  extracted	  from	  the	  internodes,	  leaf	  and	  leaf	  roll	  tissues	  using	  Trizol	  reagent	  (Invitrogen,	  Carlsbad,	  CA,	  USA)	  and	  purified	  using	  RNeasy	  Plant	  Mini	  Kit	  (Qiagen,	  Valencia,	  CA).	  The	  RNA	  quality	  was	  assessed	  on	  1%	  agarose	  gel.	  Four	  micrograms	  of	  DNase-­‐treated	  total	  RNA	  was	  used	  for	  library	  preparation	  using	  the	  Illumina	  Truseq	  mRNA	  kit	  according	  to	  manufacturer’s	  protocol.	  Briefly,	  Poly-­‐A-­‐containing	  mRNA	  was	  isolated	  from	  the	  total	  RNA,	  subjected	  to	  two	  rounds	  of	  purification	  using	  poly-­‐T	  oligo-­‐attached	  magnetic	  beads,	  and	  fragmented	  using	  an	  RNA	  fragmentation	  kit.	  First	  strand	  cDNA	  was	  generated	  using	  reverse	  transcriptase	  and	  random	  primers.	  Following	  the	  second	  strand	  cDNA	  synthesis	  and	  adaptor	  ligation,	  200-­‐bp	  cDNA	  fragments	  were	  isolated	  using	  gel	  electrophoresis	  and	  amplified	  by	  18	  cycles	  of	  PCR.	  The	  resulting	  libraries	  were	  multiplexed	  into	  sets	  of	  six	  libraries	  per	  lane	  and	  were	  sequenced	  in	  Illumina	  GAIIx	  /	  HiSeq2000	  single	  end	  100nt	  mode	  at	  	  W.M.	  Keck	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Center	  for	  Comparative	  and	  Functional	  Genomics,	  University	  of	  Illinois	  at	  Urbana-­‐Champaign.	  Sequencing	  reads	  from	  each	  of	  the	  15	  RNA-­‐seq	  libraries	  were	  mapped	  to	  the	  sorghum	  gene	  models	  (Phytozome	  version	  9,	  ftp://ftp.jgi-­‐psf.org/pub/compgen/phytozome/v9.0/Sbicolor/)	  as	  reference	  using	  the	  Novoalign	  program	  (Novocraft	  Technologies;	  www.novocraft.com).	  	  Default	  alignment	  parameters	  were	  used,	  such	  as	  base	  quality	  threshold	  and	  adaptor	  trimming.	  However,	  to	  account	  for	  the	  estimated	  95%	  genic	  sequence	  identity	  between	  Sorghum	  and	  Saccharum	  (Wang	  et	  al.,	  2010),	  the	  setting	  that	  allows	  for	  a	  more	  lenient	  alignment	  score	  threshold	  (i.e.	  -­‐t	  95	  option	  that	  allows	  5bp	  mismatch)	  was	  used.	  Post	  alignment	  process	  was	  facilitated	  using	  Samtools,	  Picardtools	  and	  VCFtools.	  Suspected	  PCR	  duplicate	  reads	  were	  marked	  using	  the	  SAMtools	  (v	  0.18;	  http://samtools.sourceforge.net)	  utilities.	  	  
3.6.3 Differential	  Gene	  Expression	  Analyses	  Pairwise	  differential	  gene	  expression	  analysis	  was	  facilitated	  using	  Edge-­‐R,	  a	  bioconductor	  package	  in	  R	  statistical	  analysis	  software.	  	  Differential	  gene	  expression	  without	  biological	  replicates	  was	  facilitated	  by	  manually	  specifying	  the	  biological	  coefficient	  of	  variance	  (BCV),	  as	  required	  by	  Edge-­‐R.	  We	  imputed	  this	  value	  as	  approximated	  from	  a	  similar	  replicated	  dataset.	  We	  used	  BCV=0.20.	  The	  normalization	  and	  statistical	  evaluation	  of	  differential	  gene	  expression	  has	  been	  performed	  with	  an	  FDR-­‐value	  cut-­‐off	  of	  0.05	  and	  using	  the	  Benjamini-­‐Hochberg	  (1995)	  method	  for	  multiple	  testing	  corrections.	  The	  raw	  data	  was	  normalized	  according	  to	  the	  default	  procedure	  of	  the	  differential	  expression	  analysis	  package	  used.	  	  From	  the	  list	  of	  differentially	  expressed	  genes	  in	  all	  105	  independent	  pairwise	  tests	  conducted,	  the	  non-­‐shared	  and	  intersecting	  subsets	  of	  differentially	  expressed	  genes	  within-­‐species	  and	  between-­‐species	  comparisons	  were	  collated	  manually	  using	  Excel	  spreadsheet.	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3.6.4 GO	  Enrichment	  Analysis	  	  Gene	  Ontology	  (GO)	  enrichment	  was	  facilitated	  using	  AgriGo	  (Du	  et	  al.,	  2010).	  Using	  AgriGo	  web-­‐based	  interface,	  the	  subsets	  of	  differentially	  expressed	  genes	  of	  interest	  were	  tested	  for	  functional	  enrichment	  using	  the	  Singular	  Enrichment	  Analysis	  (SEA)	  against	  the	  built-­‐in	  sorghum	  genoscope	  database.	  The	  Hypergeometric	  test	  method	  with	  Bonferroni-­‐adjustment	  was	  used	  for	  testing	  significant	  enrichment,	  with	  FDR	  <	  0.05.	  	  
3.6.5 Expression	  Profiling	  	  Heat	  map	  visualization	  and	  hierarchical	  cluster	  analysis	  was	  facilitated	  using	  GENE-­‐E	  (Gould	  2014).	  Visualization	  and	  hierarchical	  cluster	  analysis	  was	  simultaneously	  done	  based	  on	  the	  transformed	  Z-­‐values	  (mean	  =	  0,	  standard	  deviation	  =	  1)	  per	  gene’s	  raw	  reads	  such	  that	  color	  gradation	  scale	  reflects	  standard	  deviation	  units	  of	  the	  expression	  levels	  while	  expression	  pattern	  were	  clustered	  based	  on	  Unweighted	  Pair	  Group	  Method	  with	  Arithmetic	  Mean	  (UPGMA).	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3.8 Figures	  	  Figure	  3.1a)	  
	  Figure	  3.1b)	  
	  
Figure	   3.1:	   Short-­‐reads	  profile	  of	   the	  15	  RNA-­‐seq	   libraries.	   a.)	  Distribution	  of	   the	  gene	  expression	  (RPKM)	  as	  aligned	  to	  the	  Sorghum	  bicolor	  gene	  model.	  b.)	  Quantile	  distribution	   profile	   before	   and	   after	   normalization	   based	   on	   negative	   binomial	  distribution.	   As	   implemented	   in	   Edge-­‐R,	   an	   R	   statistical	   package	   module	   for	  differential	   gene	   analysis,	   each	   sample/library	   are	   scaled	   proportionately	   using	  trimmed	  mean	  of	  M-­‐values	  (TMM)	  so	  as	  to	  arrive	  with	  a	  normalized	  dataset	  of	  equal	  mean	  and	  variance	  quantile	  distribution.	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Figure	  3.2	  
	  	  
Figure	   3.2:	   Number	   of	   differentially	   expressed	   genes	   within	   and	   between	  developmental	  stages	  of	  stalk	  and	  leaves	  in	  ‘LA	  Purple’	  (S.	  officinarum),	  SES	  208	  (S.	  
spontaneum)	  and	  Molokai	  6081	  (S.	  robustum).	  a.)	  Near-­‐neighbor	  joining	  tree	  based	  on	  the	  number	  of	  significantly	  expressed	  genes	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Figure	  3.3a)	  
	  Figure	  3.3b)	  
	  
Figure	  3.3:	  Differentially	  expressed	  genes	  between	  the	  cultivated	  ‘LA	  Purple’	  and	  wild	  SES	  208	  and	  Molokai	  6081.	  a.)	  Venn	  diagram	  of	  up-­‐regulated	  and	  down-­‐regulated	  genes	  in	  ‘LA	  Purple’	   (S.	   officinarum)	   contrasted	   to	   SES	   208	   (S.	   spontaneum)	   and	   Molokai	   6081	   (S.	  
robustum).	   b.)	   Corresponding	   magnitude	   of	   fold-­‐change	   of	   up-­‐regulated	   and	   down-­‐regulated	  genes	  in	  ‘LA	  Purple’,	  as	  well	  as	  differentially	  expressed	  genes	  between	  SES	  208	  (S.	  
spontaneum)	  and	  Molokai	  6081	  (S.	  robustum).	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Figure	  3.4:	  Heat	  map	  plot	  and	  hierarchical	  clustering	  of	  highly	  expressed	  genes	  in	  the	  developmental	  stages	  of	  stalk	  and	  leaf	  tissues	  of	  ‘LA	  Purple’	  (S.	  officinarum),	  SES	  208	  (S.	  spontaneum)	  and	  Molokai	  6081	  (S.	  robustum).	  Rows	  include	  30	  up-­‐regulated	  genes	   (GO	   id:	   lipid	   localization,	   post-­‐embryonic	   morphogenesis	   and	  phenylpropanoid	  pathway)	  and	  30	  down-­‐regulated	  genes	  (GO	  id:	  Phenylpropanoid	  pathway).	   Analysis	   was	   done	   using	   Z-­‐transformed	   of	   the	   log2-­‐RPKM	   normalized	  reads.	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Figure	   3.5:	   Heat	  map	   plot	   and	   hierarchical	   clustering	   of	   25	   lacasse	   genes	   in	   the	  developmental	  stages	  of	  stalk	  and	  leaf	  tissues	  of	  ‘LA	  Purple’	  (S.	  officinarum),	  SES	  208	  (S.	   spontaneum)	   and	   Molokai	   6081	   (S.	   robustum).	   Analysis	   was	   done	   using	   Z-­‐transformed	  of	  the	  log2-­‐RPKM	  normalized	  reads.	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Figure	   3.6:	  Heat	  map	  plot	  and	  hierarchical	  clustering	  of	  61	  genes	  associated	  with	  sucrose	   metabolism,	   in	   the	   developmental	   stages	   of	   stalk	   and	   leaf	   tissues	   of	   ‘LA	  Purple’	   (S.	  officinarum),	   SES	  208	   (S.	  spontaneum)	   and	  Molokai	  6081	   (S.	  robustum).	  Analysis	  was	  done	  using	  Z-­‐transformed	  of	  the	  log2-­‐RPKM	  normalized	  reads.	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Figure	   3.7:	   Heat	   map	   plot	   and	   hierarchical	   clustering	   of	   57	   sucrose	   transporter	  genes,	   in	   the	   developmental	   stages	   of	   stalk	   and	   leaf	   tissues	   of	   ‘LA	   Purple’	   (S.	  
officinarum),	  SES	  208	  (S.	  spontaneum)	  and	  Molokai	  6081	  (S.	  robustum).	  Analysis	  was	  done	  using	  Z-­‐transformed	  of	  the	  log2-­‐RPKM	  normalized	  reads.	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3.9 Tables	  
Table 3.1: Summary of alignment profile of the three Saccharum species in five tissue 
types. 
Accession/Species Tissue 
Total 
Reads 
(M) 
Aligned 
Reads 
(M) 
Aligned 
Reads (%) 
% Expressed 
Transcript (vs. 
Sorghum bicolor) 
‘L
A
 P
ur
pl
e’
 
S.
 o
ffi
ci
na
ru
m
 
Leaf roll 31.2 19.0 61% 87% 
Leaf 41.7 15.0 63% 79% 
Internode.9 20.5 13.2 64% 83% 
Internode.6 35.6 22.4 63% 85% 
Internode.3 15.7 9.6 61% 81% 
Total: 144.7 79.2 1.1.1. 62%  
      
SE
S 
20
8 
S.
 sp
on
ta
ne
um
 
Leaf roll 8.0 5.3 66% 80% 
Leaf 13.2 8.6 65% 80% 
Internode.9 8.4 5.3 63% 77% 
Internode.6 5.8 3.6 62% 77% 
Internode.3 5.3 3.3 62% 78% 
Total: 40.7 26.1 64%  
      
M
ol
ok
ai
 6
08
1 
S.
 ro
bu
st
um
 
Leaf roll 22.6 14.3 63% 87% 
Leaf 22.5 13.8 61% 84% 
Internode.9 44.3 32.9 74% 83% 
Internode.6 27.8 17.5 63% 87% 
Internode.3 44.6 26.8 60% 91% 
Total: 161.8 105.3 65%   
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Table 3.2: Cross-tabulation of number of genes differentially expressed for each pair of 
test within (comparison of different tissues in same species) and between (comparison of 
same tissues between difference species) accessions of ‘LA Purple’ (LAP, S. 
officinarum), SES 208 (S. spontaneum) and Molokai 6081 (MOL, S. robustum). 
 
 
  LA
P 
In
t3
 
LA
P 
In
t6
 
LA
P 
In
t9
 
LA
P 
Le
af
 
LA
P 
Le
af
 ro
ll 
M
O
L 
In
t3
 
M
O
L 
In
t6
 
M
O
L 
In
t9
 
M
O
L 
Le
af
 
M
O
L 
Le
af
 ro
ll 
SE
S2
08
 
In
t3
 
SE
S2
08
 
In
t6
 
SE
S2
08
 
In
t9
 
SE
S2
08
 
Le
af
 
SE
S2
08
 
Le
af
 ro
ll 
LAP Int3 0 15 10 1834 388 851 19 185 
111
9 304 17 43 162 931 309 
LAP Int6 15 0 0 925 1169 665 9 12 412 
102
5 19 15 13 614 
112
2 
LAP Int9 10 0 0 817 1142 521 7 0 440 943 30 13 20 0 
111
9 
LAP leaf 1834 925 817 0 
346
5 
126
1 
121
1 
132
1 258 
382
3 
127
7 
107
3 
131
1 499 
257
1 
LAP leaf 
roll 388 
116
9 
114
2 
346
5 0 
226
2 669 
155
0 
235
3 7 367 749 
150
8 
160
4 31 
MOL Int3 851 665 521 1261 
226
2 0 317 221 202 
174
0 375 239 480 39 
191
3 
MOL Int6 19 9 7 1211 669 317 0 0 254 114 1 1 4 299 530 
MOL int9 185 12 0 1321 
155
0 221 0 0 449 
104
0 18 1 15 440 
127
3 
MOL leaf 1119 412 440 258 
235
3 202 254 449 0 
182
1 491 640 472 24 
167
8 
MOL leaf 
roll 304 
102
5 943 
382
3 7 
174
0 114 
104
0 
182
1 0 202 531 913 
137
8 5 
SES208 
Int3 17 19 30 
127
7 367 375 1 18 491 202 0 0 0 299 206 
SES208 
Int6 43 15 13 
107
3 749 239 1 1 640 531 0 0 0 350 541 
SES208 
Int9 162 13 20 
131
1 
150
8 480 4 15 472 913 2 0 0 381 879 
SES208 
leaf 931 614 672 499 
160
4 39 299 440 24 
137
8 299 350 381 0 973 
SES208 
leaf roll 309 
112
2 
111
9 
257
1 31 
191
3 530 
127
3 
167
8 5 204 541 879 973 0 
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Table 3.3: Gene Ontology (GO) terms significantly enriched among 263 up-regulated 
genes in S. offinarum compared to S. spontaneum and S. robustum. 
GO term Ontology Description 
Input 
List # 
BG / 
Ref # p-value FDR 
GO:0010876 P lipid localization 6 16 1.2E-08 2.2E-
06 
GO:0009698 P phenylpropanoid metabolic process 12 454 0.00026 0.011 
GO:0009699 P phenylpropanoid biosynthetic 
process 
11 363 0.00015 0.011 
GO:0042398 P cellular amino acid derivative 
biosynthetic process 
12 460 0.00030 0.011 
GO:0019748 P secondary metabolic process 17 826 0.00028 0.011 
GO:0006575 P cellular amino acid derivative 
metabolic process 
14 645 0.00058 0.017 
GO:0019438 P aromatic compound biosynthetic 
process 
11 452 0.00092 0.021 
GO:0009813 P flavonoid biosynthetic process 7 200 0.00110 0.021 
GO:0006869 P lipid transport 6 143 0.00100 0.021 
GO:0006725 P cellular aromatic compound 
metabolic process 
15 776 0.00120 0.021 
GO:0009812 P flavonoid metabolic process 7 227 0.00220 0.036 
GO:0005506 F iron ion binding 17 890 0.00063 0.042 
GO:0020037 F heme binding 13 626 0.00130 0.044 
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Table 3.4: Gene Ontology (GO) terms significantly enriched genes that were down-
regulated in S. officinarum compared to S. spontaneum and S. robustum  
GO term Ontology Description 
Input 
# Ref # p-value FDR 
GO:0009886 P post-embryonic morphogenesis 33 122 6.30E-10 4.4E-07 
GO:0009699 P phenylpropanoid biosynthetic 
process 
50 363 9.00E-06 0.0017 
GO:0048451 P petal formation 10 20 9.50E-06 0.0017 
GO:0006952 P defense response 105 977 9.00E-06 0.0017 
GO:0048448 P stamen morphogenesis 13 38 1.30E-05 0.0017 
GO:0009698 P phenylpropanoid metabolic 
process 
57 454 2.60E-05 0.0030 
GO:0055046 P microgametogenesis 6 6 4.30E-05 0.0033 
GO:0019748 P secondary metabolic process 89 826 4.00E-05 0.0033 
GO:0019438 P aromatic compound 
biosynthetic process 
56 452 4.20E-05 0.0033 
GO:0009607 P response to biotic stimulus 131 1355 7.60E-05 0.0041 
GO:0051707 P response to other organism 123 1255 7.50E-05 0.0041 
GO:0042398 P cellular amino acid derivative 
biosynthetic process 
56 460 6.40E-05 0.0041 
GO:0048446 P petal morphogenesis 10 27 7.30E-05 0.0041 
GO:0009719 P response to endogenous 
stimulus 
162 1755 9.70E-05 0.0048 
GO:0009812 P flavonoid metabolic process 33 227 0.00012 0.0054 
GO:0009813 P flavonoid biosynthetic process 30 200 0.00014 0.0062 
GO:0006575 P cellular amino acid derivative 
metabolic process 
70 645 0.00021 0.0086 
GO:0050896 P response to stimulus 488 6230 0.00025 0.0095 
GO:0009620 P response to fungus 42 334 0.00027 0.0099 
GO:0042445 P hormone metabolic process 29 203 0.00038 0.0110 
GO:0010035 P response to inorganic substance 42 338 0.00034 0.0110 
GO:0010033 P response to organic substance 185 2117 0.00043 0.0110 
GO:0006805 P xenobiotic metabolic process 10 35 0.00042 0.0110 
GO:0051554 P flavonol metabolic process 9 28 0.00040 0.0110 
GO:0051555 P flavonol biosynthetic process 9 28 0.00040 0.0110 
GO:0051552 P flavone metabolic process 9 28 0.00040 0.0110 
GO:0051553 P flavone biosynthetic process 9 28 0.00040 0.0110 
GO:0042221 P response to chemical stimulus 269 3244 0.00047 0.0120 
GO:0009410 P response to xenobiotic stimulus 10 37 0.00061 0.0150 
GO:0009807 P lignan biosynthetic process 9 31 0.00074 0.0170 
GO:0009806 P lignan metabolic process 9 31 0.00074 0.0170 
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Table 3.5: Differentially expressed sucrose metabolism and sucrose transporter genes (FDR <= 0.05) between homologous tissues of 
S. officinarum, S. spontaneum and S. robustum 
Genes Class Log2(FC) p-value FDR Comparison Annotation 
Sb06g023760.1 metabolism -13.16 0.0000 0.0009 LAP.int3_vs_MOL.int3 glycosyl hydrolases, putative, expressed 
Sb04g029440.1 metabolism -9.89 0.0000 0.0010 SES.int3_vs_MOL.int3 neutral/alkaline invertase, putative, expressed 
Sb04g029440.1 metabolism -6.73 0.0001 0.0040 LAP.int3_vs_MOL.int3 neutral/alkaline invertase, putative, expressed 
Sb03g047060.1 metabolism -7.52 0.0001 0.0050 LAP.int3_vs_MOL.int3 glycosyl hydrolases, putative, expressed 
Sb03g043900.1 metabolism -6.35 0.0001 0.0060 LAP.int3_vs_MOL.int3 sucrose-phosphate synthase, putative, expressed 
Sb09g006030.1 metabolism -6.78 0.0001 0.0060 LAP.int3_vs_MOL.int3 6-phosphofructokinase, putative, expressed 
Sb06g023760.1 metabolism -13.16 0.0000 0.0070 SES.int3_vs_MOL.int3 glycosyl hydrolases, putative, expressed 
Sb02g002390.1 metabolism -6.38 0.0002 0.0113 LAP.lf_vs_MOL.lf pyrophosphate--fructose 6-phosphate 1-phosphotransferase 
subunit alpha, putative, expressed 
Sb03g043900.1 metabolism -6.29 0.0001 0.0117 SES.int3_vs_MOL.int3 sucrose-phosphate synthase, putative, expressed 
Sb06g031930.1 metabolism -4.98 0.0012 0.0360 LAP.lf_vs_MOL.lf glycosyl hydrolases, putative, expressed 
Sb02g019490.1 metabolism -9.79 0.0016 0.0374 LAP.int3_vs_MOL.int3 expressed protein 
Sb02g002390.1 metabolism -4.96 0.0023 0.0382 LAP.lf_vs_SES.lf pyrophosphate--fructose 6-phosphate 1-phosphotransferase 
subunit alpha, putative, expressed 
Sb03g028080.1 metabolism -4.62 0.0021 0.0449 LAP.int3_vs_MOL.int3 phosphoglucomutase, putative, expressed 
Sb09g005840.1 metabolism -4.40 0.0031 0.0472 LAP.lf_vs_SES.lf hexokinase, putative, expressed 
Sb06g000520.1 transporter -12.09 0.0000 0.0010 LAP.lf_vs_MOL.lf sucrose transporter, (SUT/SUC) 
Sb01g042690.1 transporter -7.99 0.0000 0.0010 LAP.int3_vs_MOL.int3 sucrose transporter, hexose transporter (STP/HXT) 
Sb01g031360.1 transporter -12.37 0.0000 0.0021 LAP.int3_vs_MOL.int3 sucrose transporter, polyol transporter (PLT) 
Sb01g042690.1 transporter -8.02 0.0000 0.0024 SES.int3_vs_MOL.int3 sucrose transporter, hexose transporter (STP/HXT) 
Sb10g022610.1 transporter -10.15 0.0001 0.0043 LAP.lf_vs_SES.lf sucrose transporter, (SUT/SUC) 
Sb02g037570.1 transporter -6.69 0.0001 0.0048 LAP.int3_vs_MOL.int3 sucrose transporter, polyol transporter (PLT) 
Sb06g000520.1 transporter -11.63 0.0001 0.0048 LAP.int3_vs_MOL.int3 sucrose transporter, (SUT/SUC) 
Sb01g031360.1 transporter -6.83 0.0000 0.0055 LAP.lf_vs_MOL.lf sucrose transporter, polyol transporter (PLT) 
Sb10g022610.1 transporter -10.13 0.0001 0.0066 LAP.lf_vs_MOL.lf sucrose transporter, (SUT/SUC) 
Sb02g037580.1 transporter -7.53 0.0001 0.0091 SES.int3_vs_MOL.int3 sucrose transporter, polyol transporter (PLT) 
Sb09g007450.1 transporter -10.95 0.0002 0.0102 LAP.int3_vs_MOL.int3 sucrose transporter, myo-inositol (MIT) 
Sb02g000650.1 transporter -6.83 0.0003 0.0109 LAP.int3_vs_MOL.int3 sucrose transporter, (SUT/SUC) 
Sb01g031360.1 transporter -5.63 0.0004 0.0122 LAP.lf_vs_SES.lf sucrose transporter, polyol transporter (PLT) 
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Table 3.5: (continued). 
Genes Class log(FC) p-value FDR Comparison Annotation 
Sb02g037590.1 transporter -10.52 0.0005 0.0173 LAP.int3_vs_MOL.int3 sucrose transporter, polyol transporter (PLT) 
Sb02g036310.1 transporter -5.36 0.0006 0.0198 LAP.int3_vs_MOL.int3 sucrose transporter, hexose transporter (STP/HXT) 
Sb02g036310.1 transporter -5.64 0.0004 0.0241 SES.int3_vs_MOL.int3 sucrose transporter, hexose transporter (STP/HXT) 
Sb02g037580.1 transporter -7.77 0.0001 0.0323 SES.int9_vs_MOL.int9 sucrose transporter, polyol transporter (PLT) 
Sb02g024690.1 transporter -5.24 0.0008 0.0373 SES.int3_vs_MOL.int3 sucrose transporter, hexose transporter (STP/HXT) 	  
